




Subduction Zones 
Part II 

1989 

Edited by 

Larry J. Ruff 
Hiroo Kanamori 

Birkhauser Verlag 
Basel . Boston . Berlin 



Reprint from Pure and Applied Geophysics 
(PAGEOPH), Volume 129 (1989), No. 112 

Editors' addresses: 

Prof. L. J. Ruff 
Dept. of Geological Sciences 
University of Michigan 
Ann Arbor, MI 48109 
USA 

Library of Congress Cataloging in Publication Data 

Subduction zones 1 edited by Larry J. Ruff, Hiroo Kanamori. 
p.cm. 

Prof. H. Kanamori 
Seismological Laboratory 
California Institute of Technology 
Pasadena, CA 91125 
USA 

»Reprint from Pure and applied geophysics (PAGEOPH), volume 128 
(1988), no. 3/4« - - T. p. verso. 

Bibliography: p. 
Includes index. 

1. Plate tectonics. 
H. (Hiroo), 1936-
QE511.4.S93 1989 

(Revised for vol. 2) 
Subduction zones. 

I. Ruff, Larry J., 1952 - II. Kanamori, 
III. Pure and applied geophysics. 

551.1 '36 - - dc 19 88-39469 

Reprint from Pure and applied geophysics 
(PAGEOPH), volume 128 (1988), no. 3/4 and 
volume 129 (1989), no. 112. 

Includes bibliographies and indexes. 
1. Plate tectonics. I. Ruff, Larry J., 

1952- II. Kanamori, H. (Hiroo), 
1936- III. Pure and applied geophysics. 
QE511.4.S93 1989 551.1'36 88-39469 

CIP-TItelaufnahme der Deutschen Bibliothek 

Subduction zones 1 ed. by Larry J. Ruff; Hiroo Kanamori. -
Reprint. - Basel; Boston; Berlin: Birkhiiuser. 
NE: Ruff, Larry J. [Hrsg.] 
Reprint 
Pt. 2 (1989) 

Aus: Pure and applied geophysics ; Vol. 129 
ISBN-13: 978-3-7643-2272-4 e-ISBN-13: 978-3-0348-9140-0 
001: 10.1007/978-3-0348-9140-0 

This work is subject to copyright. All rights are reserved, whether the whole or part 
of the material is concerned, specifically those of translation, reprinting, re-use of 
illustrations, broadcasting, reproduction by photocopying machine or similar means, 
and storage in data banks. Under § 54 of the German Copyright Law where copies are 
made for other than private use a fee is payable to >>YerwertungsgesellschaftWort«, Munich. 

© 1989 Birkhiiuser Verlag Basel 



Contents 

1 Introduction to subduction zones, L. 1. Ruff and H. Kanamori 

7 On the initiation of subduction zones, S. Cloetingh, R. Wortel and N. J. 
Vlaar 

27 Seismotectonics at the Trench-Trench-Trench triple junction off central 
Honshu, T. Seno and T. Takano 

41 Morphologic and geologic effects of the subduction of bathymetric highs, 
W. R. McCann and R. E. Habermann 

71 Large earthquakes in the Macquarie Ridge Complex: Transitional tectonics 
and subduction initiation, L. J. Ruff, J. W. Given, C. O. Sanders and C. M. 
Sperber 

131 Estimation of strong ground motions from hypothetical earthquakes on the 
Cascadia subduction zone, Pacific Northwest, T. H. Heaton and S. H. 
Hartzell 

203 Subduction and back-arc activity at the Hikurangi convergent margin, New 
Zealand, E. G. C. Smith, T. Stern and M. Reyners 

233 An unusual zone of seismic coupling in the Bonin Arc: The 1972 Hachijo
Oki earthquakes and related seismicity, T. Moriyama, F. Tajima and T. 
Seno 

263 Do trench sediments affect great earthquake occurence in subduction zones? 
L. J. Ruff 



PAGEOPH, Vol. 129, Nos. 1/2 (1989) 0033-4553/89/020001--05$1.50 + 0.20/0 
© 1989 Birkhiiuser Verlag, Basel 

Introduction to Subduction Zones 

LARRY J. RUFF) and HIROO KANAMORI2 

Subduction zones present many fa~ades to those that observe them. From 
obvious features to obscure yet important processes, there are many aspects of 
subduction zones to observe and explain. Notable examples of obvious features are 
volcanoes, earthquakes, mountain belts, and deep sea trenches; while on the other 
hand, the unseen process of sediment subduction can produce long-term effects on 
the Earth's geochemical reservoirs. Indeed, most disciplines of the earth sciences 
have reasons to study subduction zones, and consequently all disciplines can make 
contributions to our understanding of subduction zones. 

Each discipline has its own view of the subduction process. To volcanologists, 
subduction zones are the sites of volcanoes. The active volcanic belt is a ubiquitous 
feature of subduction zones; volcanoes may be built on continental or oceanic 
lithosphere. In addition, volcanism is associated with back-arc spreading. There is 
a considerable range in the composition of volcanic products in subduction zones. 
Many subduction zone volcanoes also represent great hazards to local populations, 
and violent eruptions may even cause global-scale variations in the atmosphere. To 
seismologists, subduction zones generate earthquakes, and are the most important 
tectonic setting for seismicity (see Figure 1). To geologists, subduction zones 
produce quite a diversity of geologic terranes and rock deformation, the settings 
vary from accretionary prisms to back-arc thrust regimes. To geodicists, subduction 
zones are the sites of some of the largest deviations in the gravity field as well as 
regions of dramatic horizontal strain and vertical uplift and subsidence. 

But to plate tectonicists, subduction zones are relatively simple: subduction 
zones are convergent plate boundaries where oceanic lithosphere is consumed (see 
Figure 2). To embellish this "definition" from the perspective of global dynamics: 
subduction zones are regions where the cold upper thermal boundary layer of the 
convecting Earth sinks back into the hot mantle. The above definitions would seem 
to explain both the kinematic and dynamic role of subduction zones. But do these 
definitions explain why subduction zones are located where they are? what the 

I Dept. of Geological Sciences, University of Michigan, Ann Arbor, MI 48109, U.S.A. 
2 Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125, U.S.A. 
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geometry of subduction zone segments will be? the physiography of island arcs? the 
generation of island arc volcanoes? back-arc spreading? the diversity of earthquake 
occurrence? style of accretionary prisms?--clearly not. While plate tectonics pro
vides the underlying kinematic role of subduction zones, it does not explain the 
great variety of phenomena associated with subduction zones. Although earth
quakes, volcanoes, trenches, and global recycling might be second-order phenomena 
within the plate tectonics scenario, they are still first-order problems within earth 
sciences. Researchers in their various fields must go beyond plate tectonics and 
global dynamics to make progress in explaining the great diversity of phenomena 
associated with subduction zones. 

The diverse contributions in this special issue reflect the many fa~ades of 
subduction zones. The style of the contributions also varies from review papers to 
speculative accounts of obscure processes. The special issue is divided into two 
volumes with a total of four different sections: in Volume I (I) global-scale reviews, 
(2) accretionary prism processes, and in Volume II, (3) tectonics and subduction 
initiation, and (4) earthquake occurrence. While the size of this special issue 
requires the division into two volumes, there is considerable linkage between the 
two parts. Indeed, several papers could appear in more than one section. In the 
global-scale review section of Volume I: CLOOS and SHREVE present a two-part 
comprehensive description of accretionary prism and their model which explains 
several features; VASSILIOU and HAGER treat the problem of Wadati-Benioff zone 
seismicity and slab penetration with extensive modeling of stress regimes; WORTEL 
and VLAAR also treat Wadati-Benioff zone seismicity from the perspective of 
pressure-temperature controls on seismic/aseismic behavior; HSUI reviews some of 
the contributions of fluid mechanics to various processes associated with subduction 
zones; and McLENNAN discusses the role of subduction zones in global geochemi
cal cycling. Taken together, these global-scale discussions clearly indicate that many 
important present-day characteristics of subduction need to be better understood, 
not to mention the properties of subduction zones through time. In the accretionary 
prism processes section of Volume I: BRAY and KARIG examine the physical 
processes occurring in accretionary prisms, they focus on the dewatering process; 
SHI and WANG also present physical models of the accretionary prism with 
emphasis on heat flow; then COCHRANE et al. show the results of seismic experi
ments along the Cascades subduction zone to identify the deformational styles. 
Volume II is more focused on large-scale tectonics and/or seismicity. In the 
tectonics and subduction initiation section: CLOETINGH et al. treat the question of 
passive margin vulnerability to subduction initiation; SENO and T AKANO look at 
the remarkably complex triple junction interaction in central Honshu; MCCANN 
and HABERMANN present a model for the influence of ocean floor topography on 
segmentation of island arc platforms; while RUFF et a/. present a seismotectonic 
study of the Macquarie Ridge complex and discuss the nature of subduction 
initiation. In the earthquake occurrence section of Volume II: HEATON and 
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Figure 2 
Two views of subduction zones. The map view at top depicts the role of subduction zones in plate 
tectonics; they are convergent plate boundaries where oceanic lithosphere is consumed. Upon closer 
examination (bottom), subduction zones display many features and processes of interest to many 
branches of earth science. Several of the important shallow features of subduction zones are repre
sented in the cross-section: the oceanic lithosphere deforms as it subducts with normal faulting in the 
outer-rise and downward kinks at the trench axis and at a depth of ~ 40 km; seismicity is represented 
by the stars; large underthrusting earthquakes (large star) occur on the plate contact interface, but 
only in a certain depth range that extends down to about 40 km; below this depth, seismicity occurs 
within the downgoing oceanic crust and upper mantle which also experience phase changes; "double 
Benioff zones" have been observed in the intermediate depth range; the deepest extent of the Wadati
Benioff zone varies from a hundred to seven hundred kilometers; there is also scattered seismicity in 
the outer-rise and in the upper plate above the "critical" isotherm (dashed line); the accretionary prism 
is a dynamic system between the trench axis and coastline with faulting, material flow, sediment 
subduction, underplating, and basin formation; dewatering and sediment metamorphism also occur in 
this environment; a volcanic belt occurs above the apex of the corner flow where the asthenosphere 
beneath the upper plate is viscously coupled to the downgoing plate; back-arc spreading occurs behind 
the volcanic arc. The cross-section is highly stylized-not all subduction zones display these features . 
An essential characteristic of subduction zones is their variability, thus it is important to add the third 
dimension to the stylized subduction zone. All of the above discussed features vary along arc strike, 
and furthermore, subduction zones evolve with time. Most of the above-mentioned characteristics and 

processes are addressed in this special issue. 
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HARTZELL give a detailed assessment of the anticipated strong motions from a 
hypothetical future great earthquake along the Cascades subduction zone; SMITH et 
al. present a comprehensive geophysical study of the North Island (New Zealand) 
subduction complex and earthquake occurrence; MORIYAMA et al. propose that a 
zone of unusual seismic coupling exists in the lzu-Bonin arc; and RUFF presents a 
"comparative subductology" approach to the speculative connection between sedi
ment subduction and great earthquake occurrence. 

It is worth repeating that the diversity of contributions in this special issue 
reflects the diversity of interesting and unexplained aspects of subduction. Of the 
many fa~ades that subduction zones present to us, the kinematic role in plate 
tectonics is the best understood aspect. Many of the primary geological, geochemi
cal, and geophysical characteristics of subduction zones stilI require explanation. It 
is our hope that this issue will help spark further scientific exchange and interaction 
throughout the earth sciences-the surest path to new knowledge about subduction 
zones. 
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On the Initiation of Subduction Zones 

SIERD CLOETINGH,I,2 RINUS WORTEL1 and N. J. VLAAR1 

Abstract-Analysis of the relation between intraplate stress fields and lithospheric rheology leads to 
greater insight into the role that initiation of subduction plays in the tectonic evolution of the 
lithosphere. Numerical model studies show that if after a short evolution of a passive margin (time span 
a few tens of million years) subduction has not yet started, continued aging of the passive margin alone 
does not result in conditions more favorable for transformation into an active margin. 

Although much geological evidence is available in supporting the key role small ocean basins play in 
orogeny and ophiolite emplacement, evolutionary frameworks of the Wilson cycle usually are cast in 
terms of opening and closing of wide ocean basins. We propose a more limited role for large oceans in 
the Wilson cycle concept. In general, initiation of subduction at passive margins requires the action of 
external plate-tectonic forces, which will be most effective for young passive margins prestressed by thick 
sedimentary loads. It is not clear how major subduction zones (such as those presently ringing the Pacific 
Basin) form, but it is unlikely they form merely by aging of oceanic lithosphere. Conditions likely to exist 
in very young oceanic regions are quite favorable for the development of subduction zones, which might 
explain the lack of preservation of back-arc basins and marginal seas. 

Plate reorganizations probably occur predominantly by the formation of new spreading ridges, 
because stress relaxation in the lithosphere takes place much more efficiently through this process than 
through the formation of new subduction zones. 

Key words: Initiation of subduction, passive to active margin transition, preservation of back
arc basins, emplacement of ophiolites, mechanics of plate boundary formation, Wilson cycle, plate 
reorganizations. 

Introduction 

Initiation of oceanic lithosphere subduction is a key element in plate-tectonic 
schemes for the evolution of the lithosphere. The mechanisms that initiate the 
formation of new subduction zones are, however, not fully understood (DICKINSON 
and SEELY, 1979; FLINN, 1982; TURCOTTE and SCHUBERT, 1982; KOBAYASHI and 
SACKS, 1985). This is in part because, with a possible exception in the western 
Pacific (OKAL et al., 1986; KROENKE and WALKER, 1986), then: are no obvious 

I Yening Meinesz Laboratory, Institute of Earth Sciences, University of Utrecht, P.O. Box 80.021, 
3508 TA Utrecht, The Netherlands. 

2 Present address: Department of Sedimentary Geology, Institute of Earth Sciences, Free University, 
P.O. Box 7161, 1007 MC Amsterdam, The Netherlands. 



8 s. Cloetingh et at. PAGEOPH, 

present-day examples of the formation of new major trench systems. DICKINSON 
and SEELY (1979) summarize the possible mechanisms for initiation of oceanic 
lithosphere subduction and distinguish two classes: (I) plate rupture within an 
oceanic plate or at a passive margin and (2) reversal of the polarity of an existing 
subduction zone, possibly following a collision of an island arc with a passive 
margin (see also MITCHELL, 1984). A third mechanism is initiation of subduction 
by inversion of transform faults into trenches (UYEDA and BEN-AvRAHAM, 1972). 

We deal here with mechanisms for the formation of new consuming plate 
boundaries rather than those for polarity reversal. Geological evidence for margins 
with widely different ages (e.g., DEWEY, 1969; COHEN, 1982) support the notion 
that passive continental margins in particular might be potential sites for the 
formation of consuming plate boundaries. Passive margins may, therefore, be 
expected to play a central role in the Wilson cycle of the opening and closing of 
oceans (WILSON, 1966). 

The Role of Passive Margins in the Wilson Cycle 

Several authors (TURCOTTE and SCHUBERT, 1982; HYNES, 1982) advocate a 
model based on the development of a major oceanic basin with old and, hence, cold 
and gravitationally unstable (VLAAR and WORTEL, 1976; OXBURGH and PARMEN
TIER, 1977) oceanic lithosphere at its continental margins before the basin can be 
closed. This seems to be more inspired by an actualistic comparison with the present 
size of the Atlantic Ocean rather than by a consideration of more pertinent geological 
observations. The same may be said of arguments for spontaneous foundering and 
subduction of oceanic lithosphere older than 200 Ma (HYNES, 1982), made on the 
basis of the temporary absence of oceanic lithosphere older than 200 Ma and the 
increase with age of the gravitational instability of oceanic lithosphere. The 
transformation of passive into active margins by spontaneous foundering of old 
unstable lithosphere is inhibited by the great strength of oceanic lithosphere (KIRBY, 
1980; McADOO et 01., 1985). We, therefore, focused on the state of stress at passive 
margins to investigate whether the stresses generated there are sufficiently high to 
induce lithospheric failure and transformation into an active margin. 

Models for Passive to Active Margin Transition 

Our numerical model studies (CLOETINGH, 1982; CLOETINGH et 01., 1983) have 
shown that in general, flexure induced by sediment loading dominates the stress 
state at passive margins. In that work we have demonstrated that, owing to the 
continuing accumulation of sediments at passive margins, the induced stress level 
increases with the age of the margin. An important rheological feature (BODINE et 
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al., 1981; CLOETINGH et al., 1982) implemented in our thermo-mechanical models 
for the evolution of passive margins (CLOETINGH et al., 1982; 1984) is that the strength 
of the lithosphere at the margin also increases with age. Finite-element stress calcu
lations were made for a passive margin in different stages of evolution incorporating 
two different sediment loading models and the depth-dependent rheology inferred 
from extrapolation of rock-mechanics data (after GOETZE and EVANS, 1979). 

As a reference model we adopted a sediment loading model in which the 
maximum thickness of the sedimentary wedge at passive margins followed a 
square-root-of-age relation (TURCOTTE and AHERN, 1977; WORTEL, 1980), reach
ing a maximum of 9.4 km at 200 Ma. This model constitutes a fair average of the 
sediment loading histories and resulting thicknesses observed at passive margins 
(SOUTHAM and HAY, 1981). In the second model, the full load model, the entire 
loading capacity of oceanic lithosphere is taken up by the sediments. This model is 
more appropriate for the huge sediment accumulations found at deltas, which 
clearly exceed the thicknesses depicted by the reference model. In this model the 
maximum thickness of the sedimentary wedges reaches 16 km at 200 Ma. For both 
the reference and full load models, sediment loading extends from the continental 
shelf to the continental rise, with maximum sediment thickness in the outer 
shelf/continental slope region (see Figure 1). Lithospheric strength profiles were 
adopted that combine the effect of pressure on brittle behavior (BYERLEE, 1968, 
1978) and temperature- and stress dependence on ductile deformation from Goet
ze's flow laws for dry olivine (GOETZE, 1978; GOETZE and EVANS, 1979) with an 
assumed strain-rate of 10- 18 s -I (characteristic for sedimentary basin develop
ment). Such a rheology provides a good first-order description of the mechanical 
behavior of oceanic lithosphere, and is consistent with seismotectonic studies 
(WIENS and STEIN, 1983) and observations of the response of oceanic lithosphere 
to tectonic processes (McADOO et al., 1985). Similar to BODINE et al. (1981) we 
defined the depth at which the strength is 500 bar as the lower boundary of the 
mechanically strong upper part of the lithosphere (MSL). Both its thickness and its 
maximum strength increase according to a square-root-of-age function from a few 
kilometers and a few kilobars, respectively, for young lithosphere to values of 
approximately 50 km and 10 kilobar for old oceanic lithosphere. Investigation of 
gravity anomalies at passive margins (KARNER and WATTS, 1982) has shown that 
the mechanical properties of oceanic lithosphere at passive margins are not essen
tially different from the rheological properties of "standard" oceanic lithosphere as 
inferred from studies of seamount loading. It should be noted that the models 
discussed here deal only with gross features of passive margin evolution, pertinent 
to the problem under consideration. 

Figure 2 shows the stress field for the case of a reference load on a 100 Ma old 
passive margin. Differential stresses U H - U v are greatest at the transition from 
oceanic lithosphere to rift-stage lithosphere. In Figure 3 the stress maximum for a 
100 Ma old passive margin is displayed as a function of depth, down to the base of 
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Comparison of stresses generated at 100 Ma old passive margin, under reference loading with litho
spheric strength. Strength curve envelope and results of stress calculation (solid dots) are plotted as a 
function of depth down to the base of MSL at the point of maximum flexure (see also Figure 2). The 
stress distribution is given by the line inside the strength envelope connecting the solid dots. Differential 
stresses (uH - u v) are plotted against depth. Sign convention for the stresses: tension positive, compres
sion negative. Zero-strength is assumed for the sediments. Hatched areas in the upper and lower part of 

the MSL denote failure by brittle fracture and ductile flow, respectively. 

the MSL. The lowermost and uppermost regions of the MSL fail due to the high 
differential stresses developed here. However, the main part of the MSL remains in 
the elastic state as stresses are too low to result in rupture of the lithosphere. To 
induce complete lithospheric failure, the integrated force F = J 0" dz must exceed the 
integrated depth-dependent strength A = J O"y dz, where 0" is the stress distribution, 
0" y the differential strength profile and z the depth. The ratio of the maximum stress 
generated to the maximum strength is essentially independent of lithospheric age 
since load, strength and thickness of MSL all exhibit the same square-root-of-age 
behavior due to the thermal evolution of the lithosphere. 

The situation is very much different when the full loading capacity is taken up 
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Ratio of Ay (the hatched area within the strength envelope, see Figure 3) to A (total area of the 
envelope) as a function of lithospheric age for the full load model where the entire loading capacity of 
the lithosphere is taken up by passive margin sedimentation. For ages below 20 Ma lithospheric failure 

and consequently initiation of subduction is induced. 

by the sediments. The surplus of sediment added to the reference load promotes 
high stresses most effectively when deposited on a young (weak) passive margin. 
This is demonstrated in Figure 4 where we have plotted the ratio of A y , correspond
ing to the area of the strength envelope in failure, to the total area A, corresponding 
to the integrated strength of the MSL. Figure 4 shows that full loading on passive 
margins with ages below 20 Ma leads to complete failure of the lithosphere. For 
ages in excess of 20 Ma the relative amount of failure decreases rapidly with age. 
Therefore, if subduction has not commenced at a passive margin during a youthful 
stage, continued aging alone will not result in conditions more favorable for the 
initiation of subduction. Similarly, stress levels required to be produced by external 
forces in order to create a new consuming plate boundary in this manner will 
increase with the growth of the oceanic basin as well. These findings unravel the 
enigma that gravitationally unstable oceanic lithosphere at the margin of the 
Atlantic is not subject to subduction (see KOBA Y ASH! and SACKS, 1985). 

The Role of External Forces 

In the preceding section the flexural stresses induced by sediment loading were 
shown to be of the order of several kilobars. In previous work (WORTEL and 
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CLOETINGH, 1981, 1983; CLOETINGH and WORTEL, 1985, 1986) we have demon
strated that the regional stress field caused by plate-tectonic forces (FORSYTH and 
UYEDA, 1975; CHAPPLE and TULLIS, 1977) is dominated by concentration of 
slab-pull forces. For passive continental margins located in the interiors of plates 
not involved in subduction or collision processes, the local stress field induced by 
sediment loading dominates the stresses induced by the remaining plate-tectonic 
forces, which in general is of the order of a few hundred bars (e.g., RICHARDSON 
et al., 1979). We have shown that, under such conditions, the evolution of passive 
margins to maturity will not in itself lead to an initiation of subduction. 

In general, external forces in addition to sediment loading are required to cause 
rupture of the lithosphere. A comparison could be made of the force required to 
induce complete lithospheric tensional failure and the estimates of age-dependent 
slab-pull and ridge-push forces (ENGLAND and WORTEL, 1980; DAVIES, 1983). 
However, as noted by CHAPPLE and TULLIS (1977), such comparisons do not take 
into account that the level of the regional stress field can be considerably magnified 
due to the geometrical shape of the plate boundaries and the complexity of 
boundary forces along lithospheric plates. More specifically, we have demonstrated 
the key importance of incorporating plate-tectonic forces due to variations in the 
age of the downgoing lithosphere at convergent boundaries in lithospheric stress 
modelling (WORTEL and CLOETINGH, 1981, 1985; CLOETINGH and WORTEL, 
1985). These findings have important implications for the formation of new plate 
boundaries. In fact, we have demonstrated in our model study of the paleo-stress 
field of the Farallon plate (WORTEL and CLOETINGH, 1981) that the level of the 
tensional stress field caused by concentration of plate-tectonic forces was of 
sufficiently high magnitude to cause the inception of the Galapagos spreading center 
and fragmentation of the Farallon plate into the Cocos plate and the Nazca plate 
at 25-30 Ma ago (see Figure 5). CLOETINGH and WORTEL (1985, 1986) showed 
that tensional stresses induced by slab-pull forces associated with subduction of old 
oceanic lithosphere at various segments of the convergent boundaries of the 
Indo-Australian plate are transmitted into the interior of the plate, where they affect 
lithosphere of both oceanic and continental character. This is, for example, the case 
for the zone of concentrated extensional seismicity in young oceanic lithosphere in 
the equatorial Indian Ocean (STEIN et al., 1987) and for eastern Australia, an area 
characterized by recent volcanic activity, probably associated with a regional 
tensional stress regime (DUNCAN and McDOUGALL, 1988). Preferential rifting of 
continental lithosphere might occur due to its relative weakness compared to 
oceanic lithosphere (VINK et al., 1984; STECKLER and TEN BRINK, 1986; SHUDOF
SKY et al., 1987). Thermo-mechanical models show that in this case stresses of 
the order of a few kilobars are required (HOUSEMAN and ENGLAND, 1986; 
CLOETINGH and NIEUWLAND, 1984). Fragmentation of plates under the influence 
of slab-pull forces is therefore seen to provide a mechanism for rifting of both 
oceanic and continental lithosphere. Due to its great strength, rifting of old oceanic 
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The force required to induce tensional failure in oceanic lithosphere plotted as a function of lithospheric 
age (solid line). Boxes indicate stress levels prior to the break-up of the Farallon plate into the Cocos and 
Nazca plates, calculated 9Y WORTEL and CLOETINGH (1981). Circles indicate (intraplate) stress levels in 
the present-day Nazca plate (WORTEL and CLOETINGH, 1983). The values given are representative of 

large parts of the Farallon plate and Nazca plate, respectively. 

lithosphere is not expected to occur on a large scale. This is in agreement with the 
observation that, with two exceptions (STEIN and COCHRAN, 1985; MAMMERICKS 
and SANDWELL, 1986) evidence for rifting of old oceanic lithosphere is absent. 

A different situation arises in a tectonic setting dominated by compressional 
stresses, where even higher stress levels are required to exceed lithospheric strength. 
An example of this is found in the northeastern Indian Ocean, where an exception
ally high level of compressional stresses (Figure 6) is induced by the focusing of 
resistive forces associated with the Himalayan collision and subduction of young 
oceanic lithosphere in the northern part of the Sunda arc (CLOETINGH and 
WORTEL, 1985; 1986). The response of the oceanic lithosphere in the northeastern 
Indian Ocean to the high level of in-plane compressional stress approaching 
lithospheric strength is, however, not one of lithosphere failure, but one of buckling 
(WEISSEL et al., 1980; McADOO and SANDWELL, 1985; ZUBER, 1987). Figure 7 
shows that the estimates of the forces required to buckle the ocean floor in the 
northeastern Indian Ocean given by McADOO and SANDWELL (1985) are in 
excellent agreement with the calculated stress levels shown in Figure 6. As noted by 
CLOETINGH et al. (1983) the folding of the oceanic lithosphere caused by regional 
compressional stresses amplified by sediment loading might be a preparatory stage 
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Figure 6 
Regional stress field in the northeastern Indian Ocean. a (left) Calculated stress field after CLOETINGH 
and WORTEL (1986). The dashed line is the southern limit of the observed deformation in the 
northeastern Indian Ocean (GELLER et al., 1983). Dashed area indicates the location of the proposed 
(WIENS et aI., 1985) diffuse plate boundary separating an Indian plate from an Australian plate. Plotted 
are principal horizontal non-hydrostatic stresses averaged over a uniform elastic plate with a reference 
thickness of 100 km. Note the high level of the stress field associated with the unique dynamic situation 
of the Indo-Australian plate. b (right) The orientation of maximum horizontal compressive stress 

inferred from an earthquake focal mechanism study by BERGMAN and SOLOMON (1985). 

for the initiation of a new subduction zone in the northeastern Indian Ocean. More 
recently, strong independent evidence for the presence of a nascent diffuse plate 
boundary separating an Indian plate from an Australian plate has been presented 
by WIENS et al. (1985, 1986) based on an inversion of plate velocities and a study 
of the seismo-tectonics of the area. Hence, it seems that in the Indo-Australian plate 
stress levels induced by plate-tectonic forces are of sufficient magnitude to induce 
the inception of a new consuming plate boundary, even in old oceanic lithosphere. 
It is important to note that this process is the expression of the unique present-day 
dynamic situation of the Indo-Australian plate, which reflects for a major part the 
dramatic impact of the Eurasia-India collision, which is probably one of the most 
important tectonic events during the last 250 Ma of Earth history. For these 
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Buckling load versus age for oceanic lithosphere with a depth-dependent rheology inferred from 
rock-mechanics studies (GOETZE and EVANS, 1979) (solid curve) and for fully elastic oceanic lithosphere 
(dashed curve) (after McADOO and SANDWELL, 1985). Box indicates the stress levels calculated for the 
area in the northeastern Indian Ocean (CLOETINGH and WORTEL, \985, 1986, see Figure 6) where 
folding of oceanic lithosphere under the influence of compressional stresses has been observed (McADOO 

and SANDWELL, 1985; GELLER et al., \983). 

reasons, the mechanism underlying the formation of a nascent plate boundary in the 
central Indian Ocean is likely the exception rather than the rule for the creation of 
new subduction zones. 

Closure of Small Oceanic Basins 

Therefore, initiation of subduction of old oceanic lithosphere requires extremely 
high levels of intraplate stress to be induced by external forces, probably in 
association with unique plate-tectonic settings such as presently encountered in the 
northeastern Indian Ocean. As demonstrated by our modelling of stresses at passive 
margins, the level of stresses to be produced by plate-tectonic forces drops dramat
ically with decreasing age of the lithosphere, favoring initiation of young oceanic 
lithosphere subduction at the margins of small oceanic basins. These findings lead 
us to propose the modification of the classical sequence of the Wilson cycle concept 
shown in Figure 8, in which closure of newly rifted basins by initiation of subduction 
of young lithosphere occurs. This has implications for tectonics and volcanism 
which differ appreciably from those associated with deep subduction zones (VLAAR, 

1983; CLOETINGH et al., 1984; VLAAR and CLOETINGH, 1984). For example, a 
notable feature of shallow-angle subduction of young oceanic lithosphere is the 
induction of a compressional regime in the overriding plate, contrasting with the 
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WILSON CYCLE 
CLASSICAL SEQUENCE 

NEW SPREADING CENTER 

LARGE OCEAN BASIN. INITIATION OF SUBDUCTION 
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3a ~3~b ____________ -r ________ _ 
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Figure 8 
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Scenarios for the Wilson Cycle. Left: classical scenario, in which rifting is followed by the formation of 
a large ocean basin. Initiation of subduction involves old oceanic lithosphere, which results in a deep 
subduction zone. Right: preferred scenario for Wilson cycle, in which closure of the newly rifted basin 
occurs through initiation of subduction of young oceanic lithosphere leading to either shallow-angle 
subduction or to obduction of gravitationally stable buoyant lithosphere (VLAAR, 1983). Implications 
for tectonics and volcanism strongly differ from those associated with deep subduction zone. Patterns 

indicate passive-margin sediments and continental, rift-stage and oceanic lithosphere. 

general association of high-angle subduction of old oceanic lithosphere with an 
extensional regime in the overriding plate (ENGLAND and WORTEL, 1980). Closure 
of small oceanic basins explains the frequently observed absence of island arc 
volcanism in Wilsonian orogenies (e.g., TRUMPY, 1982) and the emplacement of 
ophiolites, fragments of young gravitationally stable oceanic lithosphere on the 
adjacent continent during the transformation of a passive margin, features that do 
not conform to the standard concepts of subduction of oceanic lithosphere and the 
long time span of the classical form of the Wilson cycle. An interesting analogy for 
the destruction of passive margins of small oceanic basins exists in the form of 
marginal basins, whose evolution is characterized by a short time span between 
their creation and collapse (less than 20 Ma, TAYLOR and KARNER, 1983). The 
modelling described in the present paper has demonstrated that the conditions likely 
to exist in these very young oceanic regions are quite favorable for the development 
of new subduction zones. These findings might have important consequences for 
evaluating the movement and accretion of terranes and other continental crust 
fragments. 
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As noted by CHURCH and STEVENS (1971), much of the geological evidence in 
collision orogens points to closing of small ocean basins rather than large oceans of 
the scale of the present-day Atlantic. Usually, precise data on the timing of the 
closing events are absent, which inhibits a quantitative comparison with our model 
results. Nevertheless, much of the geological evidence is clearly contradictory to 
activation of passive margins in a late stage of their evolution. As observed by 
MCWILLIAMS (1981), not all (Proterozoic) Pan-African and older mobile belts 
mark the sites of major ocean closure. Rather they are formed without the 
destruction of vast amounts of oceanic lithosphere. On the base of a survey of the 
tectonic framework of central and western Europe, ZWART and DORNSIEPEN 
(1978) pointed out that the Variscan orogens are also due to collision and closing 
of short-lived oceans of minor size. Investigations of Alpine orogeny (TRUMPY, 
1982) have provided strong evidence for closure of small oceanic basins in an early 
stage after opening as have studies of the evolution of the Appenines (WINTERER 
and BOSELLINI, 1981). In fact, the Alpine basins, being characterized by young 
oceanic lithosphere, transcurrent faulting, extensive sediment loading and a com
pressive tectonic regime were ideally suited for the transformation of passive into 
active margins. 

Frequently, however, only indirect and debatable arguments are available for 
the estimation of the size of the proposed oceans. This applies in particular to the 
"type locality" of the Wilson cycle, the Iapetus Ocean, which is of unknown width 
(WINDLEY, 1977). The latter situation is to a large extent caused by the orientation 
of the spreading, which has hampered reliable paleomagnetic estimates for the 
width of the Iapetus Ocean. Paleomagnetic evidence, however, certainly does not 
rule out that large Paleozoic oceans were consumed (e.g., McELHINNY and 
V ALENCIO, 1981). In fact, the best evidence for the Iapetus Ocean has come from 
the occurrence of ophiolite belts (ZWART and DORNSIEPEN, 1978). Several authors, 
(e.g., DEWEY, 1976; NICOLAS and LEPICHON, 1980; SPRAY, 1984) favour obduc
tion of thermally young immature oceanic lithosphere to account for the short time 
gap documented between ophiolite formation and ophiolite emplacement. 

Similarly, flat-angle subduction (VLAAR, 1983) during closure of a small ocean 
basin provides an important element in the dynamical evolution of foreland thrust 
belts (STOCKMAL et al., 1986). Our findings also shed light on the far greater degree 
of basement fragmentation observed under foreland basins in collisional settings 
compared to their Andean analogs (ALLEN et al., 1986). Evolutionary frameworks 
of the Wilson cycle in terms of opening and closing of wide oceans seem sometimes 
to be more inspired by an actualistic comparison with the present size of the 
Atlantic Ocean, than by a consideration of more pertinent geological observations. 
During its evolution, the Atlantic Ocean passed through a transition from a narrow 
to a wide ocean basin, without the formation of a system of subduction zones at its 
margins. Apparently, optimal loading conditions for transformation of passive into 
active margins were not fulfilled at this stage, while further aging has not made the 
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passive margins more susceptible to initiation of subduction. To rely too heavily on 
such an actualistic analogon might, therefore, be very misleading. Moreover, 
estimated widths of oceans inferred from palinspastic restorations are frequently 
automatically increased with an additional 1000 km inferred from the lengths of 
slabs consumed in modem circum-Pacific subduction zones, associated with subduc
tion of old oceanic lithosphere (e.g., WILLIAMS, 1980). Such reconstructions exclude 
a priori the possibility of the closing of a young oceanic basin and might even lead 
to overlooking the eventual interesting consequences of the subduction of young 
lithosphere. Our model studies have shown that if subduction has not started after 
a short evolution of a passive margin, continued aging of the passive margin alone 
does not result in conditions more favorable for transformation into an active 
margin. That requires a concentration of external forces in a unique dynamic 
situation such as the one in which the present-day Indo-Australian plate is involved. 
Therefore, we propose a more critical appraisal of the role large oceans play in the 
Wilson cycle. 

Discussion 

We have demonstrated that evolution of passive margins to maturity (200 Ma) 
will not in itself lead to initiation of subduction. In general, external forces in 
addition to sediment loading are required to cause rupture of the lithosphere. 

The action of external forces will be most effective when young passive margins 
are prestressed by thick sedimentary wedges. The compressive stresses necessary to 
sustain the further development of subduction zones involving young stable litho
sphere (McKENZIE, 1977; ENGLAND and WORTEL, 1980) may be provided by 
stress concentration of plate-tectonic forces during plate reorganizations (CLOET
INGH and WORTEL, 1985) and are an order of magnitude smaller than the stresses 
required to rupture the lithosphere. 

Existing weakness zones located within plates might be more suitable sites for 
initiation of subduction than passive margins. Spreading ridges (TURCOTTE et al., 
1977) and transform faults (UYEDA and BEN-A VRAHAM, 1972) have been sug
gested. A spreading ridge should be thought of as the lower bound (0 Ma) of a 
young passive margin, and forms a rupture zone inherent in the lithosphere. This 
view is consistent with the results of a survey of recently initiated subduction zones 
in the Pacific (KARIG, 1982) showing that zones initiated during the Neogene are 
frequently on the sites of transform faults or else are rejuvenated pre-existing 
subduction zones or geometrical adjustments (OKAL et al., 1986; KROENKE and 
WALKER, 1986). However, it is not clear how the major subduction zones that 
presently ring the Pacific have been initiated. For example, it is widely held that the 
present Pacific coastline of Northern and Southern America has been the site of 
semi-continuous eastward subduction since the Late Proterozoic (WINDLEY, 1977). 
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The different plate configurations and thermal regimes at that time may have 
provided conditions more suitable for initiation of subduction. 

Thus, in general, we do not expect initiation of oceanic lithosphere subduction 
at passive margins to play a leading role in the plate reorganizations such as 
documented by RONA and RICHARDSON (1978). In an oceanic plate attached to a 
subduction zone the pull acting on the subducting slab can be concentrated to a 
sufficient stress level to induce the formation of new spreading centers (WORTEL 
and CLOETINGH, 1981; 1983). Therefore, we conjecture that plate reorganizations 
occur primarily through the formation of new spreading ridges, since stress relax
ation in the lithosphere occurs much more easily via this process than through the 
formation of new subduction zones. During the former process new subduction 
zones might be subsequently created at the sites of already present transform faults, 
when the new spreading direction has a component perpendicular to the direction 
of the transform fault. 

Better understanding the mechanics of the formation of new plate boundaries in 
general, and the processes underlying the transition of passive margins into active 
margins in particular, will enhance our insight in the evolution of sedimentary 
basins. We have shown (CLOETINGH et al., 1985; CLOETINGH, 1986, 1988) that the 
associated reorganizations of lithospheric stress fields are recorded in the strati
graphic record of sedimentary basins. Specific short-term fluctuations (time scales of 
a few Ma and longer) in apparent sea levels inferred from passive margins and 
intracratonic basins can now be associated quantitatively with particular plate
tectonic reorganizations. Conversely, the seismostratigraphic record of sedimentary 
basins might provide a new source of information on paleo-stress fields (CLOET
INGH, 1986; LAMBECK et aI., 1987) and, hence, on the dynamics of plate reorgani
zations. Furthermore, the opening and closure of oceanic basins, with the associated 
changes in the area/age distribution of the ocean floor during the Wilson cycle, has 
been shown (HELLER and ANGEVINE, 1985) to be the main controlling feature on 
the occurrence of long-term (time scales of tens of Ma) sea level cycles. Further 
work on modelling of paleo-stress fields along the lines set out by WORTEL and 
CLOETINGH (1981) is required to more fully document differences in the roles of 
initiation of rifting and the initiation of subduction in the tectonic evolution of the 
plates' interiors. 

Conclusions 

Aging of passive margins will not in itself lead to a spontaneous initiation of 
subduction. In general, the formation of new subduction zones at passive margins 
requires a focusing of external plate-tectonic forces. The action of these external 
forces will be most effective when young passive margins are prestressed by thick 
sedimentary wedges. Conditions likely to exist in very young oceanic lithosphere are 
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quite optimal for the development of new subduction zones, which might explain 
the lack of preservation of back-arc basins and marginal seas. It is not clear how 
major subduction zones, such as those presently ringing the Pacific, form. Probably, 
plate reorganizations primarily take place through the formation of new spreading 
ridges, because stress relaxation in the lithosphere occurs much more effectively via 
this process than through the formation of new subduction zones. 
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Seismotectonics at the Trench-Trench-Trench Triple Junction off 
Central Honshu 

TETSUZO SENO l and TAKASHI TAKAN02 

Abstract-We study earthquakes in and near the TTT type triple junction off Boso peninsula, 
central Honshu, to elucidate the plate interaction in this area. The Pacific, North America (northeast 
Japan) and Philippine Sea plates meet at the junction of the Japan and Izu-Bonin Trenches, and the 
Sagami Trough. We determine focal mechanisms using WWSSN data. We also determine accurate focal 
depths by modeling body-waves. There is no serious trade-off between focal depth and source time 
function for the events treated in this study. 

The earthquake mechanisms and their focal depths show two major modes of deformation of the 
Pacific slab at the junction. One mode is represented by nearly vertical normal faults with strikes 
perpendicular to the Bonin Trench. This mode of faulting is dominant in regions south of the junction 
and characteristically the southwest block is down thrown. The other mode is represented by nearly 
vertical normal faults that strike parallel to the Japan Trench and indicate the northwest block is 
down thrown. This latter mode is dominant in regions north of the junction. The former mode may 
represent the accommodation of the slab geometry to the change in dip angle between the northeast 
Japan and Izu-Bonin arcs; the Izu-Bonin slab has a larger dip than that of the northeast Japan slab. The 
latter mode shows that normal faults parallel to the trench strike, usually seen in trench axis-outer rise 
regions, continue to occur further landward of the trench axis in the area just north of the junction. This 
might be caused by the loading of the Philippine Sea slab which penetrates between northeast Japan and 
the Pacific slab north of the Sagami Trough. 

Further north of these normal faults north of the junction, we find earthquakes which represent the 
relative motion between the Pacific and North American plates. This means that the Philippine Sea slab 
does not exist there. With the aid of earthquakes which represent the Philippine Sea-Pacific and 
Philippine Sea-North America motions located northwest of the normal faults, we can depict a possible 
area where the Philippine Sea slab exists north of the Sagami Trough. 

Key words: TTT type triple junction, Sagami Trough, Pacific slab, Philippine Sea slab. 

1. Introduction 

The Sagami Trough, a westward extension of the Nankai Trough, meets with 

the Japan-Izu-Bonin Trenches at about 34°N, 142°E, 200 km west of central 
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Honshu (Figure 1). The Philippine Sea plate (PHS hereafter) subducts beneath 
southwest Japan along the Nankai Trough and beneath northeast Japan (NEJ 
hereafter) along the Sagami Trough (e.g., NAKAMURA et ai., 1984; SENO, 1977). 
The relative plate motions around Japan (SENO et ai., 1987) are shown in Figure l. 
The motion vectors are computed with the hypothesis that Japan is divided into 
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Plate boundaries and relative plate velocities around Japan. Northeast Japan is assumed as part of the 
North American plate (NAKAMURA, 1983; KOBAYASHI, 1983). Relative plate motions are calculated 
from SENO et al. (1987). Bathymetry is simplified from CHASE et al. (1971). Study area is indicated by 

the rectangle. 
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the Eurasian plate (southwest Japan) and the North American plate (NEJ) 
(KOBAYASHI, 1983; NAKAMURA, 1983). The Pacific plate (PAC) subducts beneath 
NEJ along the Japan Trench and beneath PHS along the Izu-Bonin Trench. The 
junction where the Sagami Trough meets the Japan-Izu-Bonin Trenches is thus a 
TTT (a) type triple junction (McKENZIE and MORGAN, 1969). 

This triple junction area has been surveyed extensively by the Japanese-French 
KAIKO project in 1984, including Seabeam, gravity, magnetism and seismic 
reflection. The Hydrographic Department, Maritime Safety Agency of Japan, also 
surveyed the area using Seabeam in 1984 (KATO et al., 1985). The KAIKO project 
revealed the detailed morphology in the area (RENARD et al., 1987; NAKAMURA et 
al., 1987). The geometry of the boundary between the three plates is indicated by 
the broken line in Figure 2. There are two sedimentary basins, North Basin (NB) 
and South Basin (SB), in the inner lower trench slope near the junction (Figure 2). 
There are also bulges between these basins and the Izu-Bonin Trench, which are 
called North Nose (NN), Central High (CH) and South Nose (SN). The plate 
boundary between NEJ and PHS runs, from west to east, along the Boso canyon, 
through the northern edge of NB and near NN and CH, to where it connects with 
the Bonin Trench (SENO et al., 1988). 

In this paper, we obtain focal mechanisms and accurate focal depths of 
earthquakes to study the interaction between and deformation within the plates at 
the triple junction. Determination of accurate focal depths is essential to interpret 
focal mechanisms of earthquakes in terms of plate tectonics (e.g., STEIN and 
WIENS, 1986). This is especially true in this region because the interaction between 
the three plates is likely to be complicated. We determine accurate focal depths by 
matching waveforms of synthesized seismograms with those observed at teleseismic 
stations. 

2. Data and Method of Analysis 

We analyse earthquakes which occurred during the period from 1964 through 
1981 in the area between 140.2°E and 142.2°E and 33.5°N and 36°N shown by the 
rectangle in Figure I. We select earthquakes from the Bulletins of ISC (Interna
tional Seismological Center) with magnitudes (mb ) 5.0 and larger to the south of 
35°N and 5.3 and larger for the region north of 35°N. A smaller limit of the 
magnitude for the southern area is chosen because levels of seismicity in the area are 
lower than to the north. We also added to the above data set a large (Ms = 6.7) 
earthquake on September 18, 1984 at the triple junction and two events listed in the 
Harvard Centroid Moment Tensor Catalogue of 1982. 

We determine focal mechanisms for these earthquakes using P wave first 
motions and S wave polarization angles from WWSSN (Worldwide Standardized 
Seismograph Network) records. Three mechanism solutions in the southernmost 
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part of the area (B5, B9 and B13 in Figure 2) are from a companion paper which 
studies regions further south (MORIYAMA et al., this volume). In total, we deter
mined twenty-one new focal mechanisms for the area. Figure 3 shows the equal area 
plots of the P-wave first motions and S-wave polarization angles in the lower 
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hemisphere. Nodal planes are also shown in these plots; they are well constrained 
by the data. Table I lists the parameters of the focal mechanism solutions. 

We next determined accurate focal depths for the earthquakes with known 
mechanisms. We synthesized a long-period P-wave seismogram with various focal 
depths and found the focal depth at which the synthetic waveform best fits the 
observed one. Synthetics are generated with the algorithm of KROEGER and 
GELLER (1986), which incorporates all reflections and conversions from the shallow 
structure. We assumed a point source; calculated rays are convolved with the 
trapezoidal source time function, instrumental response and attenuation factor 
(T; = 1 sec). We used the crustal structure shown by seismic refraction studies 
across the Japan trench inner slope along 39°45'N (MURAUCHI and LUDWIG, 
1980). The crustal structure is varied according to the distance of the epicenter from 
the trench axis. We used the water depth measured directly at the epicenter in the 
bathymetric map (Figure 2). 

Figure 4 shows some examples of the comparison between the synthesized and 
observed seismograms. The observed seismogram is indicated by the dotted line. We 
can constrain the source time function from the first half cycle of the waveform. No 
serious trade-off between the source depth and source time function occurs for 
small-size earthquakes as treated in this study (see STEIN and WIENS, 1986; SENO 
and GONZALEZ, 1987). The best-fit depth can be determined by matching the later 
phases, in particular, the second half cycle of the waveform. The best-fit depth is 
indicated by the arrows in Figure 4. We averaged the best fit focal depths at several 
stations for each event. Table 2 lists the focal depth, number of stations used, 
standard deviation and source time function. We also list the depths reported in the 
Bulletins of ISC for comparison. 

3. Interpretation and Discussion 

Figure 2 presents the focal mechanisms and the bathymetry of the area. 
Different symbols at epicenters indicate different tectonic interpretations of these 

Figure 2 
Fault plane solutions (lower hemisphere) plotted in the bathymetric map of the study area (HYDRO
GEOGR. DEPT., 1982; KATO et al., 1985). Solid shading represents compressional quadrants. Three 
solutions, B5, B9 and B13 are from MORIYAMA et al. (1988). NB, North Basin; SB, South Basin; NN, 
North Nose; CH, Central High; SN, South Nose. Plate boundaries are indicated by the broken lines. The 
filled and double circles and open square at the epicenter denote interplate events interpreted to represent 
relative plate motions. The stars, filled squares, and filled triangles denote events which occurred within 
the Pacific plate. The open triangles denote events which probably occurred within the Philippine Sea 
plate. The estimated northern edge of the Philippine Sea slab is shaded. The thick lines indicate the 
projection lines for the cross-sections in Figure 5. The thin lines show the contours of the Pacific upper 

surface estimated from the regional seismicity map of YOSHII (1979). 
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Table I 

Parameters of mechanism solutions of studied earthquakes. 

Fault parameters 
Location 

Date Lat. Long. plane A plane B T-axis P-axis 
No. Y M D h m ("N) ("E) mb cp(o)b CPnb azeo)pl ~o)pl 

I 73 09 30 06 17 35.67 140.64 5.9 100 74 280 16 280 61 100 29 
2 73 10 01 14 16 35.76 140.70 5.6 97 80 277 10 277 55 97 35 
3 74 03 03 04 50 35.57 140.75 5.6 9 76 III 50 232 39 336 17 
4 81 09 02 09 24 35.82 141.02 5.6 122 80 302 10 302 55 122 35 
5 74 11 15 23 32 35.85 141.10 5.8 125 80 305 10 305 55 125 35 
6 81 09 03 19 39 35.29 141.08 5.7 145 64 325 26 325 71 145 19 
7 78 04 06 23 29 35.26 141.18 5.5 178 84 78 31 329 43 203 32 
8 77 08 21 05 19 35.29 141.30 5.5 120 80 300 10 300 55 120 35 
9 80 03 12 03 21 35.00 140.59 5.4 104 86 284 4 284 49 104 41 

10 79 10 28 05 39 35.06 140.78 5.4 265 80 85 10 265 35 85 55 
11 82 03 27 00 19 34.75 141.06 5.6 224 80 331 31 75 47 200 29 
12 75 01 20 17 31 35.05 141.37 5.8 142 88 322 2 322 47 142 43 
13 78 03 01 15 45 34.85 141.81 5.3 117 88 297 2 297 2 11743 
14 70 04 16 01 55 34.57 141.63 5.1 315 84 135 6 315 39 135 51 
15 76 02 26 15 06 34.51 141.52 5.2 326 86 146 4 326 41 146 49 
16 79 08 12 07 13 34.57 140.37 5.8 120 60 300 30 120 15 300 75 
17 80 05 08 08 03 34.50 140.42 5.9 137 62 317 28 317 73 137 17 
18 64 05 24 10 31 34.34 141.19 5.0 28072 156 30 299 23 68 56 
19 73 08 10 00 08 34.02 141.63 5.3 9480 274 10 274 55 94 35 
20 84 09 18 17 02 33.97 141.44 6.6 255 74 349 27 208 26 73 56 
21 68 01 07 11 12 33.61 141.71 5.2 102 82 282 8 282 53 102 37 

Epicentral locations and magnitudes are from ISC Bulletins except for No. 20 for which PDE data 
are listed. cp and b denote dip direction and dip angle respectively. 

events described below. Figures Sa and b show foci and modes of deformation in 
cross-sections perpendicular to the trench axis in the northern and southern areas. 
Note the trend of the trench axis is slightly different between the areas; in the north 
it is NNE-SSW and in the south almost N-S. We divide the focal mechanisms 
into those representing relative plate motions and those representing intraplate 
deformation . 

.. 
Figure 3 

First motions of P-waves and S-wave polarization angles and nodal plane solutions in the equal area 
plot of the lower focal hemisphere. Number at the upper left is the event number in Table I. The open 
and closed circles are downward and upward first motions of the vertical component of P-wave 
respectively. Large size symbols are from long-period records and small ones are from short-period 

records. Arrows indicate S-wave polarization angles. Stars indicate nodal first motions of P-wave. 
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Figure 4 
Comparison of synthesized seismograms at various depths with the observed seismogram. Examples at 
NIL station for Event 19 and at VAL station for Event 20 are shown. Arrows at the right indicate the 
best fit depth. 10' II and 12 describe the source time function used for the calculation. 8 and r/> denotes 

the epicentral distance and azimuth of the station. 

3.1. Interplate Events 

Thrust type mechanisms often represent differential motions between plates. In 
Figure 6, we compare slip vectors of the thrust type earthquakes except event 17 
with the PAC-North America (NA), PAC-PHS and PHS-NA relative motions 
(SENO et al., 1987). Events 4, 5 and 8, denoted by the solid circles in Figures 2 and 
5, have slip vectors close to the PAC-NA motion. On the other hand events 1,2, 19 
and 21 , denoted by the double circles, have slip vectors close to the PAC-PHS 
motion. Event 6 has a slip vector close to the PHS-NA motion. 

In the cross-section of the northern area (Figure 5a), we can connect the foci of 
these thrust type earthquakes smoothly to the trench (8 km depth). We interpret 
these earthquakes (except event 6) as representing the differential motions between 
PAC and other plates (NA and PHS) at the upper surface of PAC. In Figure 2, the 
two contour lines represent the upper surface of PAC at 30 and 100 km depth, as 
estimated from the regional seismicity map (YOSHII, 1979). The upper surface of 
PAC shown in Figure 5a is consistent with these contours. In the southern section 
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Table 2 

Depth determination and source time function. 

ISC Depth Source time func. 
Number of Depth S.D. routine pP-P to t1 t2 

No. Date stations (km) (km) (km) (km) (sec) 

73 09 30 8 49 3.9 56 51 
2 73 10 01 8 49 1.7 55 49 
3 74 03 03 10 48 6.8 49 49 
4 81 09 02 2 30 0 51 42 
5 74 II 15 8 32 4.0 44 39 
6 81 09 03 5 24 3.5 37 43 1.5 1.5 
7 78 04 06 10 21 2.4 35 29 
8 77 08 21 5 19 3.7 21 25 
9 80 03 12 5 81 2.0 81 84 

10 79 10 28 5 80 0 81 79 I 
II 82 03 27 6 29 2.2 22 22 0 
12 75 01 20 9 26 4.4 6 
13 78 03 01 8 19 3.0 25 46 
14 70 04 16 6 25 3.2 30 43 I 
15 76 02 26 7 21 3.8 38 36 0 
16 79 08 12 6 47 5.2 56 61 I 0 
17 80 05 08 7 47 7.6 57 75 .5 0 .5 
18 64 05 24 6 12 2.7 17 36 .4 0 .4 
19 73 08 10 8 14 2.3 33 39 
20 84 09 18 8 30 7.6 33* 4 2 4 
21 68 01 07 8 12 5.3 36 51 

*PDE S.D. denotes standard deviation. 

(Figure 5b), we estimate the upper surface of PAC as the foci of events 19 and 21 
are located on the surface and as consistent with the contours in Figure 2. 

Events 1 and 2, interpreted as representing PAC-PHS motions, suggest that the 
PHS slab exists beneath Choshi at 50 km depth. Further to the west, beneath 
Kanto, the PHS slab is shown down to 50-100 km depth by the hypocenters of 
microearthquakes (ISHIDA, 1986; NOGUCHI, 1986). In contrast, offshore to the east, 
outside the coverage of microearthquake networks, the geometry of the PHS slab 
has not been revealed. In the present study, we find one event (event 6) representing 
the PHS-NA motion 50 km southeast of Choshi. Northeast of events 1,2 and 6, we 
find events 4, 5 and 8 whose slip vectors can be interpreted as showing the PAC-NA 
motion. This suggests to us that the leading edge of the PHS slab exists between the 
location of events 1, 2 and 6 and that of events 4, 5 and 8. 

South of the junction we find two events, events 19 and 21, representing the 
PAC-PHS motions. No PAC-PHS event is found offshore north of the Sagami 
Trough. 
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Figure 5 
Vertical cross-section of the foci and mode of deformations of the studied earthquakes in the direction 
perpendicular to the trench axis; (a) in the north of 34SN and (b) in the south of 35"N along the lines 
shown in Figure 2. The thin solid line indicates the estimated upper surface of the Pacific slab. In (a), 

the Philippine Sea plate inferred at the line (a) in Figure 2 is indicated by the broken line. 
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Comparison of the slip vectors of the thrust type events with the relative plate motions. The poles of the 
more vertical nodal planes are plotted in the equal area projection. The relative plate motions are 

calculated at 3SON, l4l oE from SENO el al. (1987). 

3.2. Intraplate Events 

Other events except event 17 have focal mechanisms different from thrust type. 
Referring to the upper surface of PAC in Figure 5, Events 3, 9-15, B5, B9 and B13, 
and 20 are interpreted as events occurring within PAC. Events 16-18 are interpreted 
as events within PHS. 

The events within PAC can be divided into three groups. The first group 
includes events 3, 11, 20 and B5-B 13 (solid squares in Figures 2 and 5). The focal 
mechanisms of these events show nearly vertical nodal planes trending NW or 
WNW perpendicular to the arc trend. The sense of faulting is the SW block 
downthrown with respect to the NE block. This group of events is dominant, 
though not limited, to the south of the junction. 

This group may represent the deformation of the PAC slab accommodating the 
larger dip angle of the slab beneath the Izu-Bonin arc than beneath NEJ shown by 
the intermediate and deep regional seismicity around Japan (YOSHII, 1979; UTSU, 
1977). The PAC slab deforms to conform to the slab geometry at depth after 
subduction at the trench. 

This type of deformation of the PAC slab is not restricted to the moderate or 
small size earthquakes. In 1953, a large earthquake (Ms = 8.0), caIIed the 1953 
Boso-Oki earthquake, occurred at the triple junction. ANDO ( 1971) showed that this 
event has the same focal mechanism and location as event 20 (Ms = 6.7). Further
more the deformation is not restricted to the shallow part of the slab. In the deeper 
part of the slab beneath central Honshu, ITO and ANN AKA (1977) and ISACKS and 
MOLNAR (1971) obtained several similar mechanism solutions. This mode of 
deformation of the PAC slab is significant at aII depths at the junction between the 
northeast Japan and Bonin arcs. 



38 Tetsuzo Seno and Takashi Takano PAGEOPH, 

The second group is shown by events 12-15, denoted by the stars in Figures 2 
and 5. These events show nearly vertical nodal planes trending NE, subparallel to 
the arc trend. The sense of faulting is the NW block downthrown with respect to the 
SE block. This group of events is dominant just north of the junction. 

We interpret the deformation represented by the second group as reactivation of 
the normal faults seen in the outer trench slope-outer rise regions of the arc-trench 
system. Usually, outer-rise normal faults caused by bending of the oceanic plate 
prior to subduction are not seen landward of the trench axis (e.g., CHAPPLE and 
FORSYTH, 1979). We thus suggest a special reason for the development of the 
normal or nearly vertical faulting landward of the trench axis north of the triple 
junction area. We propose that the subduction of PHS at the junction beneath NEJ 
causes this reactivation of the normal faults. The PHS slab is forced into the 
interface between NEJ and PAC north of the junction, causing the PAC slab to 
bend below the PHS slab. If we accept this hypothesis, we can estimate the northern 
edge of the PHS slab, the shaded area in Figure 2, using the locations of the 
interplate PAC-PHS, PHS-NA and PAC-NA events and those of the second group 
of intraplate events. 

The third group consists of events 9 aQd 10, denoted by the solid triangle in 
Figures 2 and 5. They have deep foci (80 km) and T axes parallel to the down-dip 
direction of the PAC slab; they would be down-dip tensional events often seen in 
subducting slabs (lSACKS and MOLNAR, 1971). 

We interpret events 16--18 as intraplate deformation of PHS based on their 
locations with respect to the inferred PAC upper surface. Event 18 has a shallow 
focal depth (12 km) and a T axis dipping to the northeast. Thus this event may 
represent the bending of PHS prior to its subduction along the PHS-NEJ boundary 
near the North Basin. 

The mechanisms of events 16 and 17 are difficult to understand. They have the 
same focal depths (47 km), but have the opposite mechanism solutions. This 
is further confirmed by the direct comparison of the P-waveforms; they coincide with 
each other even in the later phases if the polarity of the record of either of the events 
is reversed. Although event 17 has a slip vector subparallel to the PAC-NA motion, 
we cannot interpret this event as occurring at the PAC-NEJ interface, because PHS 
starts to subduct beneath NEJ just above the location of this event (Figure 2) and 
thus NEJ does not exist here above the PAC slab. Also we cannot interpret this 
representing the PAC-PHS motion because the slip vector is much deviated from that 
expected. Thus, although we believe this pair of events probably occurring within 
PHS, we leave them as caused by an unknown mechanism. 

Event 7 is also difficult to interpret. It is located very close to the upper surface 
of PAC (Figure 5a). It has a nodal plane nearly vertical and perpendicular to the 
arc trend; however the sense of motion on this plane is opposite to that of the first 
group of intraplate events. The location of this event is on the estimated edge of the 
PHS slab (Figure 2). This event may be caused by complex interaction between the 
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PAC, NA and PHS plates at this edge. At present, we cannot provide any confident 
interpretation for this event. 

4. Concluding Remarks 

On the basis of the focal mechanisms and accurate focal depths of the 
earthquakes near the triple junction off central Honshu, we have attempted to 
elucidate the major modes of deformation within and the interactions between the 
plates in this TTT type triple junction area. The Pacific slab is deformed signifi
cantly near the junction. In the south of the junction, vertical faulting with the 
southwest block downthrown, with respect to the northeast block, is dominant. In 
the north of the junction, vertical faulting with the northwest block downthrown, 
with respect to the southeast block, is dominant. We interpret the former as 
representing the accommodation to the difference in the slab geometry at depth 
between the northeast Japan and the Izu-Bonin arcs. We interpret the latter as 
representing the downbending of the Pacific slab caused by the penetration of the 
Philippine Sea slab north of the Sagami Trough. Based on this interpretation, along 
with the locations of interplate earthquakes, we depict the possible northern edge of 
the Philippine Sea slab. 

Interplate earthquakes between the Pacific and Northeast Japan plates occur 
north of the estimated edge of the Philippine Sea slab north of the Sagami Trough. 
Interplate earthquakes between the Pacific and Philippine Sea plates occur beneath 
Choshi and south of the triple junction. We find only one event representing the 
Philippine Sea-Northeast Japan motion offshore near the estimated edge of the 
Philippine Sea slab. To provide further understanding of the plate interaction and 
the slab geometry in this area, investigations including observations of seismicity 
and focal mechanisms using ocean bottom seismometers are necessary. 
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Morphologic and Geologic Effects of the Subduction of 
Bathymetric Highs 

WILLIAM R. MCCANN l and RAY E. HABERMANN2 

Abstract-Morphologic and geologic observations suggest that subduction of bathymetric highs, 
such as aseismic ridges, chains of seamounts, and fracture zones, are important in the development of 
many forearc features and that those features form during relatively brief episodes of intense tectonism. 
A bathymetric high obliquely entering a subduction zone tends to compress sediments along its leading 
edge, resulting in arcward compression of the accretionary wedge. A landward deflection of the trench 
axis and a steepened inner wall result from this deformation. If a significant component of oblique slip 
occurs along the subduction zone, then along-strike movement of the accretionary wedge may also occur. 
Stresses resulting from subduction of bathymetric features with sufficient buoyancy or high relief extend 
farther landward. than in the case of smaller, less buoyant features, inducing uplift of the leading edge 
of the overriding plate. Tectonic erosion of the base of the overriding plate and along-strike transport 
of arc material may also occur. The accelerated tectonism observed along several convergent margins can 
be attributed to the consumption of bathymetric irregularities on the seafloor rather than temporally 
abrupt changes in rates and directions of plate motions or other episodic events in the accretionary prism. 

Key words: Subduction, tectonic erosion, uplift, aseismic ridges, subsidence, deformation. 

Introduction 

The forearc is that portion of the overriding plate between the outer rise and the 

volcanic front (SEELY, 1978). Forearc morphology depends on the age of the arc and 

seafloor being subducted, the rate and direction of plate convergence and the amount 

of sediment supplied to the subduction zone from either the overriding or downgoing 

plates (KARIG and SHARMAN, 1975; SEELY, 1978; CROSS and PILGER, 1982). 
"Steady-state" subduction is achieved during the subduction of smooth, con

stant-age seafloor. The subduction of a bathymetric high represents a deviation 

from this state. Therefore, such events should be considered in examination of 

structures in forearcs. 

VOGT (1973) and VOGTet al. (1976) discussed the response of subduction zones 

to the subduction of aseismic ridges. While their observations on the development 

of island arc cusps fits well for oceanic arcs with back-arc spreading, the effects of 

I Department of Geology, University of Puerto Rico, Mayagiiez, Puerto Rico 00708, U.S.A. 
2 NOAA/NGDC E/GCl 325 Broadway Boulder, CO 80303, U.S.A. 
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ridge subduction on continental margins or accretionary prisms remain obscure. In 
this paper we describe the effects that subduction of various types of bathymetric 
features have on crystalline rocks of overriding plates, and their accretionary prisms. 
Although along-strike transport of material is probably important as well 
(FORSYTHE and NELSON, 1985) we will not consider those effects here. In this paper 
we will concentrate on vertical tectonism. Bathymetric features cover a wide range 
of types including those slightly different from normal seafloor to large, nearly 
continental structures. Here, we concentrate on the subduction of ridges related to 
fracture zones and aseismic ridges generated at hot spots. They appear to modify the 
subduction process in an observable fashion without terminating it (VOGT et al., 
1976). Clearly, larger structures, such as oceanic plateaus, are best considered 
terranes that may later be accreted to continents (NUR and BEN-AvRAHAM, 1982; 
NUR, 1983). These accretion processes cause major changes in the character of the 
affected subduction zone. 

Many authors note evidence of large-scale uplift or subsidence of forearcs 
(YONEKURA, 1983, Circum-Pacific; LUNDBERG, 1983, Costa Rica; VON HUENE et 
al., 1980, Guatemala; KELLER, 1980, Japan; MORETTI and NGOKWEY, 1985; New 
Hebrides and Caribbean). These vertical motions are usually attributed to accretion 
(uplift) or tectonic erosion (subsidence) (HUSSONG et al., 1976). Numerous models 
have been proposed to explain the cause of episodic accretion or erosion of material 
at the base of the accretionary prism or crystalline upper plate (MOORE et al., 1979; 
KARIG and KAY, 1981; KARIG et al., 1980; PAVLIS and BRUHN, 1983, HILDE, 1983). 
In this paper we propose a model which fits numerous observations and explains the 
episodic nature of these events without requiring rapid changes in convergence rates 
or directions. We recognize that episodic pulses of deformation (primarily collapse) 
of the accretionary prism may occur as a result of other causes. We suggest that the 
subduction of buoyant aseismic ridges is responsible for rapid erosion or intense 
deformation of accretionary prisms and the crystalline part of the overriding plates. 
Migration of the ridge-trench intersection with time produces a pulse deformation 
at the lower slope of the trench as well as uplift and later, subsidence of the inner 
wall. If tectonic erosion of the overriding plate has occurred, then the subsidence will 
be larger than the uplift earlier experienced as the ridge approached. This deforma
tional pulse will migrate along the margin leaving a time transgressive record in the 
forearc sediments. The rate and direction of migration of such a deformation pulse 
may vary greatly from the direction and rate of relative plate motions, the governing 
factors being the strikes of the ridge, the trench and the direction of plate motion. 

Deformation of Accretionary Prisms by the Consumption of Bathymetric Highs 

In many subduction zones, sediments scraped off the downgoing plate or derived 
from the arc are deformed and thrust by imbricate thrust faults (Figure 1). Under 
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Main tectonic elements in a general subduction zone. Oceanic lithosphere descends beneath the upper 
plate, first disturbing sediments in slope region of forearc. Later, the downgoing plate meets the 
crystalline parts of the upper plate and, finally, oceanic plate enters the mantle beneath the crust of the 
upper plate. Aseismic ridge nearing the trench mayor may not be compensated locally as shown by 

dashed line in mantle beneath it. 

steady-state conditions (constant rate and direction of relative motion and subduc
tion of relatively smooth, constant-depth seafloor) accretionary prisms tend toward 
a deformational equilibrium in which short-lived occurrences of major uplift, 
subsidence, compression or extension are observed. That is not to say, however, 
that accretion is or not occurring; the rate of accretion or erosion will depend upon 
the rate of sediment supply relative to the volume of sediment carried down the 
subduction zone (HILDE, 1983). Several accretionary prisms, however, do show 
periods of accelerated tectonism, which probably reflects nonsteady state conditions 
at present or in the past. It is those periods of accelerated tectonism in the 
accretionary wedge that we address first. Large, bathymetric features which appear 
to affect more landward structures on the thicker, stronger part of the overthrust 
plate will be discussed in later sections. A summary of our observations is listed in 
Tables 1 and 2 and some typical examples are discussed in the next sections. 

Lesser Antilles 

Normal seafloor entering the Puerto Rico and Northern Lesser Antillean 
Trenches is interrupted by a series of aseismic ridges on the North American plate 
(Figure 2). These topographic features lie close to the expected trend of fracture 
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48 W. R. McCann and R. E. Habermann PAGEOPH, 

zones created about 80 to 110 Ma ago when this seafloor was formed at the 
Mid-Atlantic Ridge. Magnetic anomalies, bathymetric trends and the pattern of 
deformed sediments of the inner wall of the trench strongly suggest that the 
northeastern corner of the Caribbean plate has recently overriden a segment of one 
of these ridges, with yet unsubducted segments lying along the northern and eastern 
margins of the plate boundary (MCCANN and SYKES, 1984). To the north lies the 
Main Ridge, presently intersecting the Virgin Islands-Puerto Rico subduction zone; 
to the east is the Barracuda Ridge, now entering the Lesser Antilles Trench off the 
Northern Lesser Antilles. As the strike of these features are not parallel to the 
vector of relative motion between the North American and Caribbean Plates, the 
intersections of these features with the subduction zone shift with time (Main Ridge 
to the west, Barracuda Ridge to the south). The deformation in this region is similar 
to that shown schematically in Figures 9D, E, and F. 

The inner wall of the trench recently influenced by the Main-Barracuda Ridge 
shows few sub-bottom reflectors (Figure 3, profile B), indicating deformation of the 
accretionary prism. Also, a well-developed forearc ridge or basin does not exist in 
the accretionary wedge, in contrast to those portions of the subduction zone not yet 
effected by the passage of a ridge (Figure 3, profile A). The landward portions of 
the forearc overriding the ridges, such as near the islands of Anegada and Barbuda 
(Figure 2) show signs of recent uplift or reduced rates of regional subsidence 
(HORSEFIELD, 1975; BRASIER and DONAHUE, 1985). Both Barbuda and Anegada 
contain Pliocene to Quaternary Limestones and lie seaward of the normal chain of 
islands. 

WESTBROOK (1982) noted similar effects on the subduction complex as a result 
of the consumption of ridges off the central and southern Lesser Antilles. He 
observed compressional features on the leading edge of each ridge. Profile C in 
Figure 3 shows an example of this deformation from the central Lesser Antilles. 
Here, the Tiburon Rise intersects the Lesser Antilles Trough, a forearc basin. 
Sediments closest .to the ridge appear strongly tilted to the south. 

BIRCH (1970) modelled gravity data across the Barracuda Ridge and concluded 
that the ridge is an upthrust block of crustal and mantle rocks and that the ridge 
does not have a low density root. The preceding observations, therefore, suggest 
that the effect that the subduction of an aseismic ridge has on the development of 
structures in the accretionary prism is not necessarily related to the buoyancy of the 
feature, but rather to its relief. 

The rate of plate motion throughout this region is relatively constant, but the 
rate of convergence (i.e., portion of plate motion directed down-dip) varies greatly. 
SILVER et al. (1983) observe variations in the development of accretionary wedge 
morphology near Sulawesi, Indonesia. They relate changes in rates of convergence 
to changes in basal shear stress. We do not feel it appropriate, however, to compare 
their observations to those in the northeastern Caribbean. The variation in conver
gence rate in the Caribbean occurs because of a change in the strike of the plate 
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Line drawings of single channel pro filer records illustrating the effects of the subduction of aseismic 
ridges. a) North of Puerto Rico lies a well defined forearc ridge/basin structure. These structures lie along 
a section of the arc that has not yet been affected by the westwardly advancing Main Ridge. Record from 
Conrad 19- 03. b) Normal accretionary structures are absent in this Conrad 19-D4 profile, showing a 
section of the arc recently disrupted by the passage of the Main-Barracuda Ridge. Shallow, coherent 
reflectors may represent either pelagic sediments or bubble pulse reflectors. Note the similar depths of the 
forearc ridge and basins and that the basins lack thick undeformed strata, unlike profile A-A' . c) Another 
section of Conrad 19-04 profile along the Lesser Antilles subduction zone. Tiburon Rise can be seen 
actively disrupting the strata in the Lesser Antilles Trough, a basin off the Central Lesser Antilles. 

Sediments are clearly tilted to the south, the direction of travel of the Tiburon Rise in this profile. 
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boundary relative to the slip vector, not because of a change in the rate of relative 
plate motion. Thus, we suggest that a change in basal shear affects the structures in 
the accretionary prism only in regions where the overall rate of plate motion 
changes, not just the component directed down the subduction zone. 

Tonga-Kermadec 

A linear bathymetric high with 2 to 3 km of relief, the Louisville Ridge, enters 
the subduction zone near the junction of the Tonga and Kermadec Trenches. The 
ridge lies along fracture zone trends resulting from Cretaceous spreading along the 
East Pacific Rise and appears to be an extension of the Eltanin Fracture Zone 
System (HAYES and EWING, 1971). Gravity modeling of the ridge topography 
indicates that it formed on crust older than 35 Ma and that the topography is 
supported by the flexural strength of the surrounding lithosphere, rather than by a 
low density root. The ridge may not be more buoyant than typical oceanic crust 
(WATTS et al., 1980). 

The intersection of the Louisville Ridge with the trench migrates southward at 
a rate of 6.5-8.0 cm/yr. Morphologic features associated with the past interactions 
of the ridge with the trench will, therefore, lie to the north of the present 
intersection. The bathymetry of the trench axis and inner wall display several 
features related to the subduction of the bathymetric high. First, the trench axis 
diverges from the linear trend of the Tonga-Kermadec trench system near its 
intersection with the Louisville Ridge (Figure 4, VOGT et al., 1976), the offset 
gradually decreasing to the north. Second, the distance from the trench axis to the 
1000 fathom (l fathom = 1.8 meters) contour decreases from 100 km to 80 km 
south along the cusp, indicating a steepened inner wall north of the ridge-trench 
intersection. Finally, the inner wall of the trench, as defined by the 1000 and 3000 
fathom contours, is unusually steep where the ridge descends beneath the forearc 
(hatched region, Figure 4), and the trench is deepest ( > 5000 fathoms) just to the 
north of the steep wall. This deformation is similar to that shown in Figure 9C. 

The deep trench just to the north of the intersection may result from the arcward 
underthrusting of trench sediments by the compressional effect of the ridge, the 
inability of sediments to pass to lower parts of the inner wall because of the 
presence of sediment dams, or ridges, formed by faulting in, or general uplift of, the 
steepened inner wall, or the elastic response of the lithosphere to the presence of the 
Louisville Ridge. 

Sumatra 

Seafloor entering the trench off the coast of Sumatra, western Indonesia, was 
created by a now extinct spreading system in the Indian Ocean (LIU, 1984). The 
largest offset in the spreading ridges, identified by magnetic anomalies near Sumatra, 
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Displacement of Tonga Trench by subduction of Louisville Ridge (LR). Note how the trench axis (small 
dashed line) is positioned abruptly landward of its average position (dashed line) along the southern 
Tonga and Northern Kermadec arcs. Displacement is largest immediately to the north (i.e., in the wake) 
of the Louisville Ridge and gradually decreases to the north. Intersection of ridge and trench migrates 
to the south about 6.5-8.0 crn/yr. The distance between the 1000 and 3000 fathom contours is smallest 
(hatched) near the intersection, indicating a steepened inner wall. Asterisks are subaerial, quaternary 
volcanoes. Approximate map-view extension of Louisville Ridge into the subduction zone is shown by 

pair of dotted lines. 
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lies along the strike of the Investigator Ridge (JOHNSON et ai., 1976; LARSON et al., 
1978). The Investigator Ridge stands some 1000 to 1500 meters above the adjacent 
basement. One might expect to see a landward deflection of the trench axis and a 
steepening of the lower slope on the inner wall of the trench as in Tonga. However, 
the Investigator Ridge acts as a sediment dam, with thicker sedimentary sections to 
the west (McDoNALD, 1977). Sediments from this thick sedimentary section fill the 
trench as soon as the ridge passes, masking any simple morphologic expression of 
the compressional effect the ridge may have on the lower slope. 

NEWCOMB and MCCANN (1987) show that the direction of slip between Java 
and the Indo-Australian Plate is due north. They also demonstrated that, because 
of the divergence between the slip direction of thrust earthquakes in Java and 
Sumatra, right-lateral slip along the Semanko fault in Sumatra is about 36 mm/yr. 
This means that the Sumatran forearc moves northwesterly with respect to the rest 
of Sumatra at the aforementioned rate. The Investigator Ridge strikes just slightly 
east of the north. Therefore, because the ridge lies along the slip vector between the 
Indo-Australian Plate and the core of Sumatra, its intersection with the Sumatran 
forearc will migrate along the arc at the same rate as motion along the Semanko 
fault, 36 mm/yr. Thus, the intersection of the Investigator Ridge with the trench 
migrates to the south. 

Given the rate of 36 mm/yr, the Investigator Ridge passed beneath Nias Island 
4.0-8.0 Ma (N, Figure 5). Detailed geologic and marine geophysical work near Nias 
Island show evidence of the passage of the Investigator Ridge. 

Nias is one of several islands delineating the trench slope break of the Sumatran 
subduction zone. It is composed of Miocene to Recent sediments deposited in a 
near trench-slope environment. KARIG et al. (1980) report that the eastern edge of 
Nias marks a transition from deformed to undeformed sediments. Their results 
show that during a short interval in Pliocene time (5-2 Ma) the Banyak Islands, (B, 
Figure 5) north of Nias, experienced about 2 km of uplift by reverse faulting 
(KARIG et ai., 1980; MOORE et ai., 1980). Nias was strongly flexed in the later 
Pliocene and eastward directed overthrusting occurred in the sediments to' the 
south, near Pini Island (P, Figure 5). 

The thrusting near Pini Island is adjacent to the Pini Arch, an anticline 
composed of Oligocene to Recent sediments. NEWCOMB and MCCANN (1987) note 
that a free air gravity high trends from the Pini arch southward to the trench and 
then along the strike of the Investigator Ridge, suggesting that the two features are 
related. 

Sediments to the east of Siberut Island have, in contrast to the strong pre
Quaternary deformation of the regions to the north, either experienced mild 
subsidence or the island has been uplifted in Late Tertiary-Quaternary time. 
Vertical movement on the east side of Siberut continues into recent time in contrast 
to the lack of tectonic activity east of Nias. KARIG et al. (1980) suggested that the 
episodic development of the arc directed overthrusting, flexure and uplift may have 
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Figure 5 
General bathymetry and Miocene-Recent position of intersection between Sumatra Trench (dashed line) 
and Investigator Ridge (IR). Numbers in boxes and hatched regions are times (in Ma) and positions of 
Investigator Ridge as it migrated along the Sumatra subduction zone at a rate of 36 mmjyr. Faults near 
the Banyak islands (B) and Nias (N) moved during the Pliocene, uplifting the Banyak islands some 2 km. 
Simulue (SI) may have been effected during an earlier period, the Pini islands (PI) lie along an arch in 
the overriding plate that may be related to the subduction of the Investigator Ridge; Siberut (S) is 

undergoing late Tertiary-Quaternary deformation. Contours are in meters. 
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resulted from an increase in the level of stress over the base of the accretionary 
prism. Given the present position of the Investigator Ridge, its rate of migration 
along the subduction zone, and the timing of the events in the vicinity of Banyak, 
Nias and Pini Island, we infer a relationship between ridge subduction and 
Pliocene-Recent deformation of the forearc. This deformation is similar to that 
shown in Figure 9D. 

Tectonic Erosion and the Subduction of Aseismic Ridges in South America 

Aseismic ridges associated with trends of fracture zones may be supported by 
the elastic strength of the surrounding lithosphere and, therefore, are not necessarily 
buoyant. Other aseismic ridges, in contrast, appear to be buoyant (supported by a 
low density root) and to have an effect on the overriding plate in addition to the 
accretionary prism. VOGT et al. (1976) showed that buoyant ridges resist subduction 
and can severely deform oceanic island arcs. When they intersect a continental 
plate, however, the effects may be quite different, causing a change in the dip of the 
downgoing seismic zone or a cessation of volcanism. Our observations as presented 
in Tables 1 and 2 suggest a correlation between morphologic and geologic changes 
of the leading edge of the continental plate and subduction of buoyant ridges. In 
this section we present evidence of such interactions along the northern portion of 
the Nazca-South America plate boundary. 

Three major bathymetric features on the Nazca plate, the Nazca and Carnegie 
Ridges and the Mendafia Fracture Zone, enter the South American subduction zone 
between SON and 15°S. The structural makeup and origin of these features are 
known. The Carnegie and Nazca Ridges were formed at hotspots that lay on the 
axis of spreading centers. The Mendafia Fracture Zone is the extension of a 
transform fault that offset the now extinct Galapagos Rise in a right-lateral sense. 
For at least the last 16 Ma, the eastern portion of this fracture zone has been the 
locus of seafloor spreading (W ARSI et al., 1983). 

Numerous basins along the western margin of South America, most of them 
submarine, have recorded vertical tectonic movements and deformational events. 
Here we examine the geologic record of the region in light of the passage of these 
bathymetric features. 

Nature of the Bathymetric Ridges off South America 

The Carnegie Ridge, an easterly trending bathymetric high (Figure 6), stands some 
1.5 km above the surrounding seafloor. Crustal models of the ridge derived from 
refraction profiles indicate a thickened crustal section beneath the bulk of the ridge 
and suggest that its relief is supported by a low density root (HOLDEN and DIETZ, 
1972). The Carnegie Ridge intersects the South American margin between ION and 
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Figure 6 
Major sedimentary and tectonic features on the western margin of South America, Hatched areas are 
shelf or slope basins of Miocene-Recent age, lines are sediments dams (upper-slope or shelf ridges), 
Crosses are regions with observed coastal terraces or other signs of uplift. Dashed lines are fracture zones 

or fracture ridges, double-dashed lines are extinct spreading centers. 

3°S off the coast of Ecuador (Figure 6). The intersection of the Carnegie Ridge with 
the trench is nearly stationary because the ridge trends nearly parallel to the 
direction of relative motion between South America and the Nazca plate. 

LONSDALE and MALFAIT (1974) and LONSDALE (1978) have estimated that the 
Carnegie Ridge first impinged upon the South American subduction zone 3 Ma ago, 
from convergence rates and marine geologic data. They inferred the location of the 
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eastern edge of the ridge from the eastern terminus of its mirror image, the Malpelo 
Ridge. 

The Nazca Ridge trends NE and intersects the Peruvian Trench near 15 degrees 
south. COUCH and WHISETT (1981), using marine gravity and refraction data, 
determined that the Nazca Ridge has a substantially thicker crust than surrounding 
seafloor and that its relief (1 km) is compensated by this low-density root. PILGER 
and HANDSCHUMACH~R (1981) showed that the mirror image of the Nazca Ridge 
that was generated at the East Pacific rise is the Taumoto Ridge in the central 
Pacific. They estimated the length of the Nazca Ridge by projecting the mirror 
image of the Taumoto Ridge onto the Nazca Ridge. Cande (pers. comm., 1983), 
using new estimates of the poles of rotation, bathymetric data, and magnetic 
anomalies, concluded that the Line Islands were not a northerly extension of the 
Taumoto Ridge as assumed by PILGER (1983). Using the plate motions between the 
Nazca and South American plates derived by Cande, we find that the northernmost 
tip of the Nazca Ridge intersected the South American subduction zone 11 Ma ago 
at about the latitude of 90 S and that intersection migrated south to its present 
position (Figure 7a). 

The Mendafia Fracture Zone is a 40 to 100 km wide zone of ridge-trough 
topography (WARSI et al., 1983). Magnetic anomalies of Eocene/Oligocene age on 
either side of this feature show an age offset of 13 Ma, older seafloor being found 
on the southern side. This is consistent with the 200 m change in depth of the 
seafloor observed across the fracture zone (W ARSI et al., 1983). Ridges in the 
fracture zone rise some 200 to 400 meters above the surrounding seafloor. WARSI 
et al. (1983) described magnetic lineations and seafloor fabric parallel to the 
Mendafia fracture zone that suggest that it has been the site of slow seafloor 
spreading for the past 16 Ma. The axis of spreading enters the trench just south of 
100S and extends 400 km west of the trench. 

We assume that the Mendafia fracture Zone had an easterly continuation equal 
to that of its mirror image, the Marquesas fracture zone (Cande, pers. comm., 
1983). If this is the case, then it has been subducted beneath the Peruvian Trench 
from 60 S to 100 S in the last 20 Ma (Figure 7b). During much of that period it has 
been the locus of seafloor spreading. 

Recent History of the Shelf and Slope Basins of South America 

Numerous basins have been identified along the coastal region of Peru and 
Ecuador (Figure 6). In Ecuador, shelf basins are subaerial and bounded to the west 
by the trench slope break, which is onshore in this region (LONSDALE, 1978). Both 
the basins and trench slope break are submerged in northern Peru. During the 
Pleistocene an episode of accelerated landward tilting, uplift of the trench slope 
break, and rapid accumulation of sediments in the inner part of the Manabi basin 
(MB, Figure 6) occurred. Marine terraces, indicative of continuing uplift, are found 
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Location of major forearc basins and bathymetric features along the margin of Peru (after THORNBURG 
and KULM, 1981). a) Earlier locations of Nazca Ridge (solid lines) and intersection with the Peru Trench 
(dot-dash line) shown as solid circles. Approximate age of intersection shown in Ma (Cande pers. 
comm., 1983). Rate of migration of ridge-trench intersection is also shown. Cande (pers. comm., 1983) 
estimates Nazca Ridge first impinged on trench near 80 S about 1 I Ma ago. Lima Basin near 12°S is 
known to have begun subsidence of 1100 meters about 5.0 to 2.6 Ma ago, about the time when the Nazca 
Ridge passed by the region. We interpret this spatio-temporal coincidence as evidence of tectonic erosion 
of the base of the Peruvian forearc by the Nazca Ridge. SJ is San Juan, location of uplifted marine 
terraces. b) Locations of Mendaiia Fracture Zone during the last 20 Ma are shown as solid lines with 
hatchures on older side. Basins in this part of the forearc experienced strong deformation during the 
period in which the fracture zone passed southward. Basins are: Talara, T; Sechura, SC; Trujillo, TR; 

Yaquina, Y; Salaverry, SA: Lima, L; West Pisco, WP; East Pisco, EP. 

up to 300 meters above sea level along the coast of Ecuador, at the southern part 

of the intersection of the Carnegie Ridge with the trench. Shelf basins to the north 

lie on the coast or at sea and their trench slope breaks are, in general, submerged 

(Figure 6). 
Along most of the Peruvian coast from 60 S to 15°S, north of the Nazca Ridge, 

there is a broad continental shelf over 100 km wide. It contains numerous sedimen

tary basins (THORNBURG and KULM, 1981; COULBOURN, 1981). The basins lie on 

continental crust and some of the forearc ridges, which act as sediments dams, are 

known to be composed of continental material (JONES, 1981; KULM et al., 198Ib). 
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The basins on the shelf or the upper slope show a distinct change in deformational 
style near lOGS. From 6° to lOGS the basins tend to be narrow and short; extensive 
faulting and folding deformed their sediments in Miocene time. Although uplift 
occurred in the early Miocene, the basins were later resubmerged. To the south of 
100S the basins are long and wide and differential uplift in the Miocene was 
followed by large-scale subsidence in the last 5 Ma. Much of the strata in the largest 
basin, the Lima Basin, is undeformed. 

The Pisco Basins lie south of the Lima Basin, near the intersection of the 
Nazca Ridge with the trench. Sediments in those basins, unlike the strata in the 
Lima Basin, show recent landward tilting and upwarping (COUCH and WHISETT, 
1981; JOHNSON and NESS, 1981). Numerous reflection records shown by JOHNSON 
and NESS (1981) and interpreted by THORNBURG and KULM (1981) show the 
shoaling and coalescence of the edges of the West Pisco Basin as one approaches 
the Nazca Ridge from the north until, opposite the ridge, thin sediments are 
pierced by underlying basement. They suggested that the north to south change in 
the character of the basin is related to the impingement of the Nazca Ridge on the 
continental margin. Near San Juan (SJ, Figure 7a) uplift apparently extends 
onland as a staircase of marine terraces rise to 250 m above sealevel (BROGG!, 
1946). 

Deformation of the South American Margin by the Subduction of Bathymetric Ridges 

The timing and style of tectonic events in the basins from 50 S to 15°S in 
Miocene to Recent time appear to be intimately related to the subduction of the 
Mendafia Fracture Zone and the Nazca Ridge. In the region 50S to lOoS, Miocene 
folding and faulting was followed by reduced sedimentation, suggesting sediment 
dams landward of the basin were produced during the faulting/folding episode. This 
intense deformation in the Miocene, not observed in the more southerly basins, is 
coincident in space and time with the subduction of the Mendafia Fracture Zone. 
Throughout much of the time when the Mendafia Fracture Zone was passing 
beneath the basins from 50 S to lOGS it was site of seafloor spreading. We suggest 
that there is a causal relationship between the subduction of rough seafloor 
associated with seafloor spreading on the Mendafia Fracture Zone and the deforma
tion of the leading edge of the South American plate. This deformation is similar to 
that in the forearc of Figure 9F. 

The Lima Basin, extending from lOoS to l3°S, shows little deformation of strata, 
but rather large-scale subsidence. Subsidence near 12°S started 5.0-2.6 Ma ago 
along the seaward edge of the basin and 1 Ma ago along the landward side (KULM 
et al., 198Ia,b). The time of initiation of this subsidence is coincident with the 
passage of the Nazca Ridge through this region. We suggest that the two events are 
related and that the subsidence of the Lima Basin results from erosion of the 
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base of the overriding plate by the passage of the Nazca Ridge. Mild uplift preceding 
the subsidence reflects the upwarping of the overriding plate over the topography of 
the ridge itself and an isostatic response to the introduction of a buoyant feature into 
the subduction zone. Given a root 8 kilometers thick and a density contrast of 
.25 g/cc (COUCH and WHISETT, 1981), then an isostatic uplift of almost 600 meters 
is expected, in approximate agreement with the 250 meters of Quatenlary uplift 
observed by BROGGI (1946). Later subsidence is then a combination of the passage 
of the ridge topography and the abrupt removal of some of the base of the overriding 
plate. Recent ODP drilling at site 686 in the West Pisco Basin indicates the initiation 
of subsidence some 1.5 Ma, just after the passage of the Nazca Ridge (SUESS and 
VON HUENE, 1987). 

Hsu and BLOOM (1985) and Hsu et af. (1986) report the prominence of marine 
terraces near the intersection of the Nazca Ridge with the coast. He observed 
maximum uplift rates near the southern edge of the Ridge intersection with the coast. 

LONSDALE (1978) has related the recent geologic record of Ecuador to the 
consumption of the Carnegie Ridge. This deformation is similar to that shown in 
Figure 9F. During the Pleistocene a major episode of accelerated landward tilting 
of the accretionary prism, uplift of the Coastal Range, and rapid accumulation of 
sediments in the inner part of the Manabi Basin occurred (Figure 6, MB). The 
Pleistocene marine terraces, at 300 m above sea level along the coast, suggest that 
uplift is continuing. The spatial and temporal coincidence of this phase of uplift, with 
the arrival of the Carnegie Ridge at the trench, strongly suggests a causal relationship 
between the two events. 

Discussion 

One expects the crystalline edge of the overriding plate to rest in a relatively 
inactive state on the downgoing plate under conditions of constant convergence rate 
and direction, constant age and smoothness of seafloor as well as constant sediment 
supply to the subduction zone. Of course, strong deformation occurs at the most 
seaward edge of the overriding plate, but the rest of the overthrust block is far 
removed from that tectonic activity. Disturbance from this equilibrium can come 
from a change in one or more of the factors assumed constant above (SHREVE and 
CLOOS, 1986). Clearly, changes in rates and directions of convergence will have an 
effect. We will not discuss them here as we wish to concentrate on the other 
parameters. 

Subduction of Seafloor Relief and Deformation of Accretionary Prisms 

The vast majority of the area of oceanic plates is relatively smooth. However, 
several distinct features such as ridges and troughs associated with ancient transform 
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faults, aseismic ridges formed either by hot spot volcanism or by fragmentation of 
continental material, and seamounts distributed along chains or in a nonlinear 
fashion, have been noted. The subduction of anyone of these features disturbs the 
equilibrium previously mentioned. This disturbance includes a change in the regional 
stress distributions caused by the relief, and possibly the buoyancy, of the incoming 
feature. 

In a theoretical study of the shapes of accretionary wedges, DAVIS et al. (1983) 
term the seaward slope of the accretionary wedge, a and the landward dip of the basal 
decollement or downgoing oceanic plate, b. Wedges in a state of quasi-static 
equilibrium are described as critically tapered an a + Rb = F where Rand Fare 
constants whose values are dependent upon rock strengths, densities and pore 
pressures. Subcritical wedges are those with a + Rb < F, supercritical wedges have 
a + Rb > F. Subduction of a bathymetric high leads to an increase in the dip of the 
basal decollement (increase in b) and, as overall taper is conserved, an equal but 
opposite change in the dip of the wedge (decrease in a). The parameter R < 1 for 
reasonable densities (DAVIS et al., 1983), so the new geometry is in the subcritical 
domain. This leads to compressional deformation of the wedge as it builds up to a 
steeper, and more stable, critical taper. On passing down the back side of the 
bathymetric feature, the wedge becomes supercritical and deformation ceases; even 
after the feature passes deeper into the subduction zone the wedge is still supercritical, 
having a relatively steep slope resulting from the compressional event caused by the 
subduction of the feature. 

Our observations of wedge geometries and deformation of accretionary prisms 
show remarkable agreement with this theory. We have noted deformation of 
accretionary prisms in the Caribbean, Sumatran and Tonga-Kermadec subduction 
zones. In Tonga-Kermadec we observed the steepened (supercritical) wedge in the 
arc segment recently intersected by the Louisville Ridge. In the other cases 
deformation of the accretionary wedge is observed, but the steepened nature of the 
prism, if it exists, is masked by other features such as change in sediment thickness 
on the incoming plate or complex shape of the subducting margin. 

As the shear modulus of oceanic crust is greater than that of sediments, a 
bathymetric high standing above the strata blanketing a downgoing plate will present 
a different (higher) shear to the base of an accretionary prism. The increased shear 
stress will cause the prism to move into the subcritical domain, inducing renewed 
deformation. So two complimentary effects may induce deformation of accretionary 
prisms, change in wedge geometry and change in shear stress at the base of the wedge. 

Effects of Relief on the Subduction Process 

The bathymetric relief of a feature on the downgoing plate increases the vertical 
stress on the overriding plate as material is displaced. The relief also increases the 
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horizontal stress as it thrusts material landward (force A, Figure 8b and Figures 
9a- h). Stresses in the downgoing plate must also change as a result of this 
interaction. The load applied on the ridge by the overriding plate will tend to create 
or reactivate preexisting fractures, pushing the feature down into the downgoing 
plate. Horizontal stresses will tend to shear off the feature, possibly obducting it 
into the overriding plate. 

Seismicity and focal mechanisms suggest that certain bathymetric features 
deform when subducted. FRANKEL et al. (1980), MCCANN and SYKES (1984), 
FISCHER and MCCANN (1984) studied seismicity in the vicinity of the Virgin 

b 

Figure 8 
Cross section of the effects of ridge subduction. a) Subduction zone in quasi-equilibrium state as ridge 
approaches trench. b) Possible effects of subduction of aseismic ridge: I-steepened inner wall of trench 
resulting from horizontal compression of accretionary prism, 2--<1eformation of sediments in accretion
ary prism by folding and/or thrusting, 3--<1evelopment of coastal terraces as upper plate readjusts to 
relief of downgoing plate, 4--massive subsidence occurs if tectonic erosion at base of overriding plate 
occurs. S.L. is sea level, A represents compressive forces exerted on overriding plate by relief of ridge, 
B represents vertical forces related to buoyancy of downgoing ridge. Heavy dotted pattern in (b) is 

possible region of tectonic erosion. 
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Islands. There, the Main Ridge, a bathymetric high on the North American Plate, 
descends beneath the Caribbean Plate in a region of intense microearthquake 
activity. Much of this activity occurring within the down going plate, is diffusely 
distributed around the intersection of the Main Ridge with the crystalline part of 
the Caribbean Plate, and occurs in swarms. CHUNG and KANAMORI (1978) and 
EISSLER and KANAMORI (1982) studied earthquakes in the southwest Pacific 
occurring near the intersection of aseismic ridges with subduction zones. They 
observed strike-slip and normal fault mechanisms indicating reactivation of preex
isting features and slab-detachment forces at work. 

Much more is known about the reaction of the overriding plate to the 
subduction of bathymetric highs, because marine, geologic and seismic data are 
available. The wedge of accreted sedimentary material, if one exists, is most exposed 
to the presence of bathymetric features of the down going plate. This is because of 
its outboard position in the subduction zone and the lack of strength of the 
materials present there. The equilibrium state of this material is characterized by 
deformation, including folding and imbricate thrusting; in the more landward 
positions, sediments may accumulate in basins remaining relatively undeformed. 
The presence of a topographic feature will intensify the deformation of the 
sediments by uplifting and thrusting them landward and, depending upon the 
competency of the material underlying the sedimentary basin, deform some or all of 
the previously undeformed basin sediments (Figures 8 and 9). The uplifting is a 
simple response of the sediments to accommodate the presence of the topography; 
the landward thrusting is a response to the horizontal stresses exerted by the relief 
of the feature as it compacts the sedimentary wedge. The result of this interaction 
is a more deformed accretionary wedge with a steepened inner wall. The Caribbean, 
Sumatra and Tonga-Kermadec are examples of the deformation of accretionary 
wedges. 

As the feature enters deeper into the subduction zone it interacts with the 
crystalline part of the overriding plate. The density, thickness and strength of the 
upper plate are greater than those of the sediments, so it is more difficult to produce 
observable effects. Nevertheless, the larger topographic features must have their 
topography accommodated, so that uplift of the overriding plate is likely to be 
observed (Figure 9D, E, and F). Bathymetric highs in general, have elevations of 1 
to 2 km above surrounding seafloor. Uplifts along coasts rarely exceed a few 
hundred meters, so the net uplift in the overriding plate is about 10 percent of the 
relief of the feature itself. Some uplift presumably occurs through motion along 
faults within the overriding plate, although an elastic response cannot be ruled out. 
A large (Ms = 7.5) earthquake in 1974 occurred within the overriding wedge of the 
Caribbean plate near the intersection of the Barracuda Ridge with the subduction 
zone. STEIN et al. (1982), MCCANN et al. (1982) and MCCANN and SYKES (1984) 
suggested that this shock is related to intraplate deformation associated with the 
subduction of the ridge. 
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Uplift associated with consumption of bathymetric highs may be recognized by 
the presence of uplifted marine terraces. While deformation should occur in the 
vicinity of ridge-trench intersections, maximum rates of uplift should be observed 
on the leading edge of the interaction. That is, most rapid uplift will occur as the 
upper plate rides up to accommodate the incoming topography (Figure 9F). As the 
feature passes deeper into the subduction zone, any signs of uplift are likely to be 
destroyed as they resubmerge. Therefore, the only permanent record is the offshore 
deformation of sediments deposited on the blocks that experienced relative motion 
as the feature passed by that section of the upper plate. 

Buoyancy and Tectonic Erosion 

Several features we considered are not only characterized by relief on the 
seafloor, but also are isostatically compensated by low-density crustal roots. They 
are buoyant when compared to surrounding seafloor and, therefore, may resist 
subduction into the upper mantle. This resistance exhibits itself as a body force 
pushing the feature upward. These stronger vertical forces will be transmitted across 
the interface or zone of contact between the plates, into the overriding plate (force 
B in Figure 8). The increased normal force on the interface increases the drag on the 
upper plate by the lower one. Complimentary to this effect, as noted above, is the 
fact that bathymetric highs may stand above the strata deposited on the downgoing 
plate, and, therefore, may present a higher basal shear stress to the overriding plate. 
The high shear stresses at the base of the upper plate may induce tectonic erosion 
of the upper plate by shearing. In this case, parts of the upper plate may be carried 
down to deeper levels of the subduction zone, but it is unlikely that they will 
descend deeper than the Moho of the upper plate because this material, also being 
buoyant, resists entering the mantle. The net result of the erosion process is the 
removal of part of the seaward base of the upper plate with under-plating at the 
landward section. Concurrent with this process one expects isostatic uplift of the 
landward section and subsidence of the seaward one. This whole process should be 
a rather rapid one, occurring during the passage of an aseismic ridge which 
probably lasts only a few million years. Thus, the effects described can be differen
tiated from other, slower processes. The rapid subsidence of the Lima Basin is an 
example of such a rapid tectonic event. 

The nature of the response of the upper-plate to ridge passage will depend on its 
previous history, the heterogeneity of its material and the strength of interplate 
coupling. Weakly coupled convergent margins are unlikely to experience erosion, as 
the necessary stresses are not present. Homogeneous, upper-plate material might 
more evenly distribute stresses, thus, resisting erosion. A segment having already 
experienced erosion may more easily accommodate (again) the additional relief. 
These last cases may be intimately tied with the strength of interplate coupling, a 
topic too broad for discussion here. 
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Sediment Supply to Subduction Zones 

The larger features on the seafloor act as barriers to sediment flow, resulting in 
wide variations in the distribution of sediment on the seafloor. The passage of one 
of these features along a subduction zone may suddenly expose the arc to an 
increased or decreased horizontal load depending upon the distribution of sedi
ments. This sudden change of load could have a dramatic effect on the leading edge 
of the upper plate. While we have ascribed the sudden acceleration of tectonic 
activity near northern Sumatra to the passage of the Investigator Ridge, we cannot 
rule out the possibility that the observed effects result from stresses exerted by the 
Bengal Fan, lying in the wake of the ridge. Other convergent margins presently 
consuming plates with thick sedimentary sequences show active deformation and 
uplift of the accretionary prism (Alaska, Southern Lesser Antilles). 

Ridge Subduction and Arc Volcanism 

The Louisville Ridge may be associated with a major change in the character of 
the Tonga arc, namely the restriction of volcanic activity to a narrow band from 
18°-23°S. Several workers noted the relationship between the subduction of aseis
mic ridges beneath the South American margin and the lack of Quaternary 
volcanism (KELLEHER and MCCANN, 1976; BARAZANGI and ISACKS, 1976; NUR 
and BEN-AvRAHAM, 1981; PILGER, 1983). KELLEHER and MCCANN (1976) and 
PILGER (1983) ascribed the lack of volcanic in the southern Tonga arc to a modified 
subduction process caused by the subduction of the Louisville Ridge. A close look 
at the relationship between volcanism in the Tonga arc and the Louisville Ridge, 
however, suggests that the ridge may be associated with the activation, not the 
cessation of subaerial volcanism. The extension of the Louisville Ridge into the 
subduction zone reaches 100 km depth (the typical depth of a slab beneath a 
volcanic chain) beneath the southernmost volcanoes in the Tonga chain. Subduction 
beneath the Tonga arc may not, in general, result in subaerial volcanism. Perhaps 
the Louisville Ridge activates the production of volcanic material, or its subduction 
may sufficiently uplift the arc platform so that volcanism becomes subaerial and 
more readily observed in this sparsely populated region. This uplift may not result 
from the buoyancy of the ridge, as noted earlier the ridge may not be buoyant, but 
rather from compressional stresses exerted on the overriding plate by the down
going topography arching the arc platform. 

Conclusions 

Our observations of recent tectonics of subduction zones led us to draw the 
following conclusions: 1) The subduction process tends to an equilibrium state that 
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can be disturbed by changes in several factors, including relief of incoming seafloor 
and rate of sediment s~pply to the subduction zone. 2) Increased relief, or increased 
sediment supply will tend to compress the upper plate, thrusting sediments land
ward, possibly deforming ponds of undeformed sediments, possibly causing defor
mation within the crystalline part of the overriding plate and uplift along coastal 
sections of the upper plate. 3) Buoyant features will tend to cause stronger effects 
and may erode significant parts of the upper plate, resulting in large scale subsi
dence of the leading edge of the overriding plate. 4) These effects will tend to occur 
abruptly (i.e., within a few million years) as most of the irregularities on the seafloor 
are limited features. 
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Large Earthquakes in the Macquarie Ridge Complex: Transitional 
Tectonics and Subduction Initiation 
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Abstract-While most aspects of subduction have been extensively studied, the process of subduc
tion initiation lacks an observational foundation. The Macquarie Ridge complex (MRC) forms the 
Pacific-Australia plate boundary between New Zealand to the north and the Pacific-Australia-Antarctica 
triple junction to the south. The MRC consists of alternating troughs and rises and is characterized by 
a transitional tectonic environment in which subduction initiation presently occurs. There is a high 
seismicity level with 15 large earthquakes (M > 7) in this century. Our seismological investigation is 
centered on the largest event since 1943: the 25 MAY 1981 earthquake. Love, Rayleigh, and P waves are 
inverted to find: a faulting geometry of right-lateral strike-slip along the local trend of the Macquarie 
Ridge (N300E); a seismic moment of 5 x 1027 dyn em (M w = 7.7); a double event rupture process with 
a fault length of less than 100 km to the southwest of the epicenter and a fault depth of less than 20 km. 
Three smaller thrust earthquakes occurred previous to the 1981 event along the 1981 rupture zone; their 
shallow-dipping thrust planes are virtually adjacent to the 1981 vertical fault plane. Oblique convergence 
in this region is thus accommodated by a dual rupture mode of several small thrust events and a large 
strike-slip event. Our study of other large MRC earthquakes, plus those of other investigators, produces 
focal mechanisms for 15 earthquakes distributed along the entire MRC; thrust and right-lateral 
strike-slip events are scattered throughout the MRC. Thus, all of the MRC is characterized by oblique 
convergence and the dual rupture mode. The "true" best-fit rotation pole for the Pacific-Australia 
motion is close to the Minster & Jordan RM2 pole for the Pacific-India motion. Southward migration 
of the rotation pole has caused the recent transition to oblique convergence in the northern MRC. We 
propose a subduction initiation process that is akin to crack propagation; the 1981 earthquake rupture 
area is identified as the "crack-tip" region that separates a disconnected mosaic of small thrust faults to 
the south from a horizontally continuous thrust interface to the north along the Puysegur trench. A 
different mechanism of subduction initiation occurs in the southernmost Hjort trench region at the triple 
junction. Newly created oceanic lithosphere has been subducted just to the north of the triple junction. 
The entire MRC is a "soft" plate boundary that must accommodate the plate motion mismatch between 
two major spreading centers (Antarctica-Australia and Pacific-Antarctica). The persistence of spreading 
motion at the two major spreading centers and the consequent evolution of the three-plate system cause 
the present-day oblique convergence and subduction initiation in the Macquarie Ridge complex. 
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1. Introduction 

Subduction zones consume oceanic lithosphere and are an indispensible part of 
plate tectonics. Unlike the oceanic lithosphere production system which can be 
linked as a nearly continuous, albeit sinuous, strand around the earth, subduction 
zones are a rather dissociated group and are found in several isolated corners of the 
world. While plate tectonics can predict that subduction zones are required along 
certain plate boundaries, it does not stipulate how subduction zones initiate and 
develop. The preservation of newly created oceanic lithosphere and the propensity 
for spreading centers to fragment continents leaves a wealth of geological informa
tion on the initiation and evolution of spreading. On the other hand, the subject of 
subduction initiation has little observational basis. To find such observations, we 
need to look at some muddled tectonic regimes. The Macquarie Ridge complex 
presents a natural laboratory for studies of subduction initiation. 

2. Tectonics of the Macquarie Ridge Complex 

The Macquarie Ridge complex is a complicated physiographic feature that 
trends approximately north-south between South Island, New Zealand and the 
Pacific-Antarctica spreading center. This feature consists of a sequence of troughs 
and ridges, with Macquarie Island as the only exposed expression. The seismically 
active Macquarie Ridge complex (hereafter: MRC) is crudely continuous with the 
Tonga-Kermadec-New Zealand seismic activity. The basic physiographic features 
and seismicity of the MRC are shown in Figure I. The earthquake epicenters 
generally cluster about the bathymetric expression of the MRC. The high level of 
seismic activity, 15 events with Ms > 7, clearly suggests that the MRC is the active 
plate boundary between the Pacific and India plates. In the past, there has been 
some confusion over the nature of this plate boundary. Various authors have 
referred to the MRC as: a spreading ridge, a convergent plate boundary, a 
strike-slip margin, or some combination of the above. Global plate tectonic models 
place the rotation pole between the Pacific and India plates close to the MRC, 
therefore the relative plate motion can change rapidly along the MRC. The rotation 
pole from the global model RM2 (MINSTER and JORDAN, 1978) is plotted in Figure 
1. The relative motions along the MRC predicted by this pole are depicted by the 
velocity vectors. Scattered intermediate-depth earthquakes beneath the southwest
ern corner of South Island provide evidence for convergence in this region (see 
SCHOLZ et al., 1973). 

Minster and Jordan treated the entire India-Australia region as one plate. 
Several observations suggest that there is some decoupling between India and 
Australia of a transform nature along the trend of the Ninety-East Ridge (STEIN 
and OKAL, 1978; WIENS et al., 1985). Since the MRC is at the eastern edge of the 



Vol. 129, 1989 Earthquakes in the Macquarie Ridge Complex 73 

Figure I 
Simplified tectonics and seismicity of the Macquarie Ridge complex. Large earthquakes (magnitude 
greater than 7) are plotted as dots with the year of their occurrence. Two Pacific-Australia plate motion 
rotation poles and their error ellipses are plotted: the best-fitting pole (BFP) and the global model pole 
(RM2) from MINSTER and JORDAN (1978). The motion of the Australia plate relative to the Pacific 
plate along the Macquarie Ridge is shown by the vectors, based on the RM2 pole with velocity in em/yr. 
The bathymetric rise of the Macquarie Ridge is schematically plotted as the dashed line, while the 
troughs are indicated by the solid regions. The spreading segment and Balleny transform fault between 
the Antarctica and Australia plates are also sketched. The Pacific-Antarctica-Australia triple junction is 

located at 61!oS 161 °E. 

India plate, the interaction along this boundary describes the relative motion of the 
Pacific plate (PAC) and the eastern part of the India plate, which includes 
Australia. Henceforth, we shall refer to the Australia plate (AUS) rather than the 
India plate when discussing the interaction along the MRC. The RM2 pole for the 
Pacific-India motions will be used as the initial PAC-AUS pole. The termination of 
the MRC at the Pacific-Antarctica spreading center results in a triple junction at 
this point. Hence, we shall eventually consider the interaction with the Antarctica 
plate (ANT). 

Since the Pacific-Australia rotation pole is located close to the MRC, changes in 
the rotation pole location over geological time will be reflected in the evolution of 
the MRC. The plate tectonic reconstruction of MOLNAR et al. (1975) indicates that 
some type of spreading activity formed the entire MRC since the Oligocene (38 Ma). 
The change from a tensional to compressional environment implies that the rotation 
pole has migrated southward since the Oligocene (also see WALCOTT, 1978). The 
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seismicity of South Island and the uplift of the South Island Alps are also consistent 
with a southward migration of the rotation pole, mostly since the Miocene (SCHOLZ 
et al., 1973). To summarize the basic geological setting, the MRC originally formed 
in an oceanic spreading center environment and subsequently served as a strike-slip 
plate boundary, with the northernmost part changing to a partly convergent 
boundary since the Miocene. 

There are some inconsistencies in the geological setting that appear significant. 
In their comprehensive treatment of the magnetic lineations in this region, WEISSEL 
et al. (1977) noted that some oceanic crust appears to be missing; this crust was 
generated at the ANT-AUS spreading ridge segment at the PAC-ANT-AUS triple 
junction. It is noteworthy that this missing AUS plate crust is in the vicinity of the 
Hjort trench, a deep (maximum depth greater than 6 km) arcuate trough. WEISSEL 
et al. (1977) offered two explanations for the missing crust: (1) it was subdue ted at 
the Hjort trench, and (2) the plate boundary jumped to the present location at the 
Hjort trench. WEISSEL et al. then showed that the closure condition at the 
PAC-ANT-AUS triple junction implies subduction along the PAC-AUS boundary. 
RUFF and CAZENAVE (1985) addressed the possibility of subduction at the Hjort 
trench using SEASAT geoid anomalies and limited first motion data for the large 
1924 earthquake; they concluded that subduction has probably occurred along the 
northern Hjort trench with Australia lithosphere subducting beneath the older 
Pacific lithosphere. If subduction has indeed occurred, note that newly created 
oceanic lithosphere has been subducted. 

Another complication is the difference in the best-fitting and RM2 rotation poles 
(see Figure 1). The best-fitting pole is based only on the relative motion data along 
the PAC-AUS plate boundary, while the RM2 pole results from the global 
inversion of all data. As discussed in MINSTER and JORDAN (1978), the adjustment 
of the PAC-AUS pole from the BFP to the RM2 location is mostly due to the 
requirement of PAC-ANT-AUS triple junction closure. Notice that the BFP 
location implies spreading at the Hjort trench instead of convergence. Thus, we are 
faced with the question: is the Minster and Jordan BFP truly the best representation 
of PAC-AUS relative motions? It is instructive to look at the data source for the 
BFP. Since there are no recognized spreading ridge or transform fault segments 
between the Pacific and Australia plates, all the relative motion data comes from 
earthquake slip vectors. Since no great subduction zone earthquakes along the 
Kermadec trench were used in the Minster and Jordan study, there could be a bias 
in the rotation pole determination. Minster and Jordan did use the slip vectors from 
two earthquakes in the MRC, these two occurred in 1964 and 1965 and the 
first-motion focal mechanisms are from BANGHAR and SYKES (1969). These two 
slip vectors contributed significantly to the BFP location. The magnitudes of these 
two earthquakes are 6.9 and 6.6, hence they are not the most significant events in 
the MRC. One result of our study will be the addition of slip vectors from some of 
the largest earthquakes in the MRC. 
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The entire catalog of MRC earthquakes is plotted in Figure 2. Notice that the 
seismicity is not uniformly distributed throughout the MRC. The most striking 
cluster is around 50oS, with an apparent lack of seismicity both to the north and 
south of this cluster. The largest earthquake to have occurred since 1943, the 25 
MAY 1981 event with Ms = 7.6, is located in this prominent cluster. Five earth
quakes with M > 7 have occurred in the MRC since 1963. We have studied the 
largest of these earthquakes and have compiled the available focal mechanism 
information for other smaller earthquakes. Many large earthquakes occurred before 
1963. Although it is difficult to study these earlier events, one aspect that can be 

Sei~micity 

/ 
Figure 2 

Macquarie Ridge complex seismicity, 1918 to 1981. All epicenters in the USCGS catalog are plotted, the 
magnitude threshold varies through this time period. The seismic activity is not uniform at any 
magnitude level. In particular, there is a concentration of events of all sizes in the region of the large 1981 

earthquake from 49°S to 500 S. The BFP and RM2 rotation poles are plotted. 
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studied is their epicentral location. We have systematically checked the listed 
locations for large earthquakes that occurred between 1918 and 1963 for which the 
ISS catalog publishes arrival times. In addition, due to rather unique circumstances 
we have been able to determine focal mechanism constraints for two of these 
pre-1963 events. Based on this comprehensive study of large events in the MRC, we 
reconsider the tectonic setting. Despite the confusing seismicity, we find a consistent 
picture within the framework of rigid plate tectonics. We propose a model for 
subduction initiation based on the seismotectonics of the Puysegur trench region, 
and then speculate on global generalizations of the Macquarie Ridge complex 
tectonic environment. 

3. Large Recent (Post-1963) Earthquakes 

Focal mechanisms have been determined for only a few of the MRC events. As 
discussed above, only two of the smaller earthquakes were used to derive the RM2 
relative plate motions. We have determined the focal mechanisms for the three 
largest earthquakes since 1963: the 1970 event in the Hjort trench region, and the 
1979 and 1981 events in the Puysegur trench region. The 1979 and 1981 events are 
the two largest earthquakes in the time period from 1943 to the present. We begin 
with separate sections for the three earthquakes that we studied in detail, with 
emphasis on the large 1981 event. We then summarize the information available for 
all recent events. 

3.1. The Great 25 MAY 1981 Strike-slip Earthquake 

This event occurred in the seismicity cluster at the southern end of the Puysegur 
trench (Figure 3). The ISC hypocentral parameters for this event are: origin time, 
5:25:9.4 (hr:min:s), 25 MAY 1981; epicenter, 48.55°S and 164.7°E; depth, 0 km 
(constrained). With values for the surface wave magnitude ranging from 7.4 to 7.7, 
this event is one of the largest earthquakes of 1981. Since it is also the largest 
magnitude earthquake in the MRC since 1943, any study of the mechanics of this 
region, and indeed of the Pacific-Australia plate interaction, must consider this 
event. An additional interesting aspect of this event is that the P wave first-motions 
indicate a strike-slip focal mechanism (see Figure 4), thereby implying that this 
event is one of the largest strike-slip earthquakes to be well-recorded. The focal 
mechanisms for two smaller earthquakes in the seismicity cluster are thrust mecha
nisms. Therefore, it is important to ascertain whether the 1981 earthquake was in 
fact a strike-slip event, as opposed to a precursory strike-slip event followed by a 
thrust main event. To obtain the overall average focal mechanism of this event, we 
have used the moment tensor inversion technique described in KANAMORI and 
GIVEN (1981). First we look at the aftershocks of this earthquake. 
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Detailed seismicity of the northern Macquarie Ridge, 1963 to 1981 mainshock. Epicenters and magnitudes 
are from the USCGS catalog. All events are larger than magnitude 5 except for three of the four events 
in the I-day aftershock cluster of the 1981 event (open stars), these are the four largest aftershocks (29 
or more stations reporting). All smaller aftershocks recorded at CBZ (Campbell Island) fall into the 
plotted band, based on relative S-P times. Two possible mainshock epicenters are plotted as solid stars. 
The bold line through the 1981 epicenters indicates the maximum possible extent of the 1981 rupture zone. 
For the 1979 earthquake, the mainshock and I-day aftershocks are plotted as the solid and open stars, 
respectively. with the approximate fault extent indicated by the solid line. In the 1981 region, there are 
several earlier sequences of mainshock/aftershocks that are linked by broken lines: 12 SEP 1964, 
mainshock M = 6.9 (triangles); 20 SEP 1967, mains hock M = 6.1 (triangles); I APR 1972, mainshock 
M = 6.3 (squares). Focal mechanisms determined for some of these earlier events all indicate thrust 
faulting. Bathymetry is taken from maps published by the New Zealand D.S.I.R. Oceanographic Institute. 
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May 25,1981 
N 
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5 

Figure 4 
Preferred focal mechanism solution and WWSSN P wave first motions for the 1981 event. Lower-hemi
sphere equal-a rea projection with compressional and dilatational arrivals plotted as solid and open 
circles, respectively. This convention is used in all subsequent focal mechanisms. Crosses indicate 
near-nodal readings, and error bars indicate take-off angle uncertainty associated with close stations. 
Parameters for the nodal planes are strike, dip, and rake (c/!, band ,l.), and are obtained from fault plane 

inversion. 

3. J. J. Aftershock distribution. The fault area ruptured by an earthquake is 
typically estimated by the one-day aftershock area. The four largest one-day 
aftershocks (29 or more stations reporting times) of the 1981 event are plotted in 
Figure 3, with magnitudes between 4.S and S.I . This cluster lies about SO km 
southwest of the epicenter and thus supports the selection of the NE-SW nodal 
plane as the fault plane. A rupture length of SO km is much less than we would 
expect for a strike-slip earthquake of this magnitude. For example, the 1976 
Guatemala earthquake (Ms = 7.6) had large surface displacements over a length of 
2S0 km (PLAFKER, 1976). Even if we use all the one-day aftershocks for the 1981 
event in the ISC catalog above magnitude 4, there are no epicenters north of the 
mainshock nor south of SODS. The teleseismic one-day aftershocks for the 1981 
event thus imply a rupture length of 100 km or less. For the 1976 Guatemala 
earthquake, the teleseismically recorded one-day aftershocks define a fault length of 
just 180 km. However the locally recorded microaftershocks scatter over the full 
2S0 km length of the fault. A similar situation is encountered for the 1972 Sitka, 
Alaska strike-slip earthquake (Ms = 7.6); the teleseismically located aftershocks fall 
into one cluster 90 km from the epicenter (SCHELL and RUFF, 1988) whereas the 
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microaftershocks define a 180 km bilateral fault zone (PAGE, 1973). Given the 
remote oceanic location of the 1981 Macquarie Ridge event, neither a detailed 
aftershock study nor fault displacement mapping are possible. However, there is a 
seismic station on Campbell Island operated by the New Zealand D.S.I.R. 
Geophysics Division, and many small one-day aftershocks were recorded by this 
single station. The P and S wave picks from these 16 events were provided by Dr. 
Warwick Smith. The most important observation is that the S-P times for all these 
events only range from 48.2 to 50.7 seconds, and the mains hock S-P time is 49.1 s. 
Hence, the distance to these aftershocks varies by less than 20 km about the 
mainshock distance. Fortunately, the azimuth from Campbell Island to the main
shock is not perpendicular to the fault strike. Thus, with the assumption that the 
aftershocks are on the fault plane, we see that the microaftershocks cluster in the 
epicentral region (see Figure 3). 

The aftershocks imply a fault length of only 100 km, anomalously small for a 
large strike-slip event. This tentative conclusion motivates a more thorough analysis 
of the rupture process. Both surface waves and P waves are analyzed for informa
tion on the rupture length. We use seismograms recorded by stations of the 
WWSSN (in operation since 1963), GDSN (in operation since 1980), IDA (in 
operation since 1977), and Caltech. 

3.1.2. Rayleigh and Love waves. GDSN stations are azimuthally well distributed 
about the 1981 earthquake (Figure 5). Figures 6 and 7 show three-component 
filtered traces from the GDSN digital recordings. These filtered traces emphasize the 
multiple orbit surface waves around a period of 250 s, the "mantle waves". The 
long-period spectral amplitude and phase from these high quality digital records can 
be inverted to obtain the seismic moment and faulting geometry. The procedure is 
fully documented in KANAMORI and GIVEN (1981), and has been successfully 
applied to many earthquakes over a large magnitude range. Due to the shallow 
depth of this earthquake (less than twenty kilometers), the vertical dip-slip compo
nent is unresolved, as discussed in KANAMORI and GIVEN (1981), and some type of 
constrained moment tensor inversion is necessary. We shall use two different modes 
of the constrained moment tensor inversion: (I) linear inversion for a moment 
tensor constrained to have no isotropic nor vertical dip-slip components, (2) 
nonlinear fault inversion where we constrain one nodal plane. For the linear 
inversion, the moment tensor is resolved into two double couples. If we assume that 
the larger double couple represents the actual faulting, then the fractional size of the 
second double couple is a measure of the reliability of the solution. The second 
double couple is relatively small in all cases for the 1981 event; this supports the 
notion that this earthquake has a single dominant focal mechanism. We have 
inverted various subsets of our data to test the reliability of the results. The 
constrained moment tensor inversion always yields a strike-slip mechanism, with 
right-lateral motion along the NE-SW plane. Figure 8 summarizes the solutions for 
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Figure 5 
Azimuthal equidistant world map centered on the 1981 epicenter (star). The solid straight line passes 
through the North Pole. The GOSN stations used in this study are plotted as large dots, the other 
symbols show WWSSN station locations. Although the GOSN stations are in the two northern 

quadrants, multiple orbit surface waves provide excellent azimuthal coverage. 

different combinations of data. Note that the strike of the NE plane is in excellent 
agreement with the P wave first-motions, though the first-motions clearly indicate a 
dip of ~ 70° rather than 90° (see Figure 9). Figure 10 shows the spectral amplitude 
and phase for Rayleigh and Love waves with the predicted values from the 
constrained moment tensor inversion. Inclusion of phase data in the inversion seems 
to result in a lower moment estimate. To improve the solution, we can constrain one 
nodal plane and invert for the slip vector angle and the seismic moment. We 
constrain the NE trending plane to have a strike of 30° (clockwise from north), and 
vary the dip as shown in Figure 9. For the various data subsets, we always obtain 
right lateral strike-slip with a small oblique component. Our best estimate for the 
seismic moment with a point source assumption is 4.5 x 1027 dyn cm, and the best 
fault geometry is shown in Figure 4. The excellent correspondence between the 
surface wave focal mechanism and the P wave first motions shows that the faulting 
geometry remained constant for the duration of the earthquake. 

DZIEWONSKI and WOODHOUSE (1983) also inverted GDSN data to obtain a 
moment tensor solution for the 1981 event. The major double couple of their 
solution has the following fault parameters: a fault strike of 31 °E, fault dip of 66°, 
and a rake of 186°. The seismic moment is 2.7 x 1027 dyn cm, and the size of the 
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Filtered traces from GDSN stations, station codes are at left with distances and azimuths. Nearly three 
hours of three-component long period channels are filtered to enhance the "mantle wave" periods. The 
horizontal components are rotated into radial and transverse components, thereby isolating the Rayleigh 
waves on the Z and R traces and the Love waves on the T trace. Multiple orbit Rayleigh and Love waves 
are well recorded. Time scale refers to minutes after origin time. The numbers for each trace give the 
maximum peak-to-trough amplitude relative to the Z trace for each station, amplitudes are arbitrarily 

scaled between stations. 
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second double couple is about 1/ 10 the size of the major double couple. The fault 
geometry of the Harvard CMT solution is very similar to our solution, but their 
seismic moment is about half of our value. There are several significant differences 
between the Harvard CMT (DZIEWONSKI et ai., 1981) and the Kanamori and 
Given techniques. The Harvard inversion includes shorter period information, and 
inverts for the spatial and temporal centroid of the moment density function. The 
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Summary of moment tensor inversion for three different cases (A, B, and C). The major double couple 
is a strike-slip focal mechanism for all cases. Box on left shows the data set and assumed depth, while 
the box on right shows the resultant fault strike, seismic moment, and relative size of the second double 

couple. Right lateral strike-slip along a fault strike of N300E is clearly a consistent result . 

CMT inversion can potentially yield more information about the earthquake, but 
it is also possible that lack of coherence at the shorter periods might produce a 
smaller moment estimate than the Kanamori and Given technique. 

To test the robustness of our results, we have used the Harvard CMT spatial 
and temporal centroid values and recomputed the solution with the Kanamori and 
Given technique. We have also added several more Rayleigh wave phases recorded 
by IDA stations, and performed the inversion at periods ranging from 150 s to 
more than 300 s, with and without finite faulting; we find the faulting geometry to 
be extremely stable. Our overall best estimate for the seismic moment that 
matches both Rayleigh and Love wave lobe amplitudes for finite faulting is 
5 x 1027 dyn cm. The moment magnitude (KANAMORI, 1977) for the 1981 event is 
then Mw = 7.7. We conclude that both the faulting geometry and seismic moment 
are well resolved. 
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May 25,1981 
N 

s 
Figure 9 

Summary of fault plane inversion results. The pure strike-slip mechanism with a N300E strike is shown. 
P wave first motions from GDSN stations are plotted . The dip of the N300E nodal plane is varied within 

the hachered region. 

3.1.3. Surface wave directivity. We looked for evidence of fault finiteness in the 
long-period surface waves. Unilateral rupture propagation with uniform moment 
release produces a consistent azimuthal asymmetry in the long-period surface wave 
amplitudes (BEN-MENAHEM, 1961). The moment tensor inversion results presented 
in Figure 10 assume a point source; the directivity effect consists of a systematic 
azimuthal variation in the amplitude residuals. We can obtain useful constraints on 
the fault length by using the amplitudes from several different periods. It is desirable 
to work with the ratio of spectral amplitudes between even and odd order arrivals 
at a single station to cancel common effects. It is also possible to use variations in 
the phase, or in group delays, to obtain the temporal and spatial information (see 
KANAMORI and GIVEN, 1981). The Harvard CMT technique routinely uses this 
type of information. 

The strongest directivity effects for unilateral rupture are observed at azimuths 
along the fault strike. Fortunately, lobes of the Love wave radiation pattern 
coincide with fault strike for strike-slip earthquakes. For the 1981 event, there are 
three GDSN stations in the western U.S.A. along the fault strike azimuth. Since the 
G I phase was not reliably recorded by all stations, we perform the analysis using 
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Detailed moment tensor results for case A of Figure 8. The inversion uses both Rayleigh and Love wave 
spectral amplitudes and phases at a period of 256 s. All individual data points are plotted as solid dots, 
with the predicted radiation pattern and phase curves also plotted. A source phase shift of 45 s has been 

applied to the observed phase. 

G2 and G3. Figure II shows the observed spectral ratios for the three stations. 
There is little coherence between the curves for each station, the only reliable feature 
is the overall range of the different curves, i.e., the data band. Figure II also shows 
theoretical curves representing various rupture modes and the data band. The curve 
for 100 km fault length falls in the middle of the data band. The curves for a fault 
length of 150 km or longer clearly deviate from the data band. We conclude that a 
rupture mode of unilateral propagation to the southwest for about 100 km is 
consistent with the surface wave data. 
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Figure II 
Test for Love wave directivity. The azimuth to western U.S.A. stations coincides with fault strike and 
Love wave radiation maximum. Spectral ratios between 02 and 03 waves recorded by ODSN stations 
are plotted in the lefthand graph. There is scatter between the results from individual stations, but 
together they define a data band. A comparison of this data band with curves calculated for different 
faulting parameters is shown in the righthand graph. The numbers in parentheses in the legend are the 
fault length and rupture velocity, in km and km/s respectively. The comparison implies a short fault 

length for the 1981 event. 

3.1.4. P waves and the rupture process. Source time functions deconvolved from 
teleseismic P waves display the basic temporal history of moment release. Figure 12 
shows the source time functions deconvolved from P waves recorded by GDSN 
stations and the 30-90 instrument at Pasadena, CA U.S.A. (see RUFF and 
KANAMORI, 1983, for discussion of the deconvolution technique). The primary 
feature of both the observed seismograms and the source time functions is the 
distinct double-event character. The second event follows rupture initiation by 
about 30 s. This second event seems more consistent from station to station than the 
first event, which splits into two subevents at some stations. The sharp rise in 
moment release at the onset of the second event produces a distinct break in the 
WWSSN long-period P waves (see Figure 13). The WWSSN P wave records 
provide nearly complete azimuthal coverage about the epicenter. The good az
imuthal coverage and the distinct break of the second event onset allow a directivity 
analysis to determine the location of the second event onset relative to the epicenter. 
This procedure is analogous to relative earthquake location (see BECK and RUFF, 

1985, for other applications). The implicit assumptions for this procedure are ideally 
suited for strike-slip earthquakes, where we can regard the fault surface as a thin 



Vol. 129, 1989 Earthquakes in the Macquarie Ridge Complex 

PAS 

d= 107°'"""''''''''''~~~~!.:>l.,~,...--~ 

f =S8° 

I \ 1\ (\ V j \tv' 
LON '-"-"-'9-p->->~M=O=,.,.I.~O _"O" dy,\e.em

j 
,(l 

d ollS' -

f - 47' 

Mo= 5.3 x 1027 dyne·em 
VI , 

~t~ AFt 

d -40·9f'l.rP.~~~"""""'''''''' 
f - 380 

MAJO 

CTAO 

d=32'~~~~~---H~ 

f=327° 

, , , , 

~ 

o 30 60 90 .ee. 

Figure 12 

I I 
I 

87 

Source time functions and P waves for the 1981 event. Station code, distance, and event-station azimuth 
are listed for each station. The deconvolved source function is at left, while the observed and synthetic 
P wave seismograms are plotted together as solid and dashed traces, respectively (same convention in all 
subsequent source time function plots). The seismic moment for each time function is also shown. The 
arrows point to the second event onset at 30 s, and the PP arrival at CTAO is noted. The strong second 

event is easily seen in both the P wave seismograms and source time functions. 
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WWSSN long period vertical component P waves for the 25 MAY 1981 earthquake. Station code, 
epicentral distance, and azimuth are listed for each P wave. Amplitude scale refers to trace amplitude on 
the original records at listed magnifications. The arrows show the initial P wave arrival and the second 

event onset. 

horizontal strip (see RUFF, 1983, for derivation of the ribbon fault model) . The 
time difference between the first and second event onsets shows an azimuthal 
variation of only a few seconds. Close examination reveals that time differences at 
southern azimuths are perhaps 4 s less than those from northern azimuths. This 
implies that the second event initiated at about 50 km SW of the epicenter. 

Short period records potentially offer better time resolution of source pulses. 
However, we must convince ourselves that a short-period break reflects a significant 
event in the long-period moment release, and that we can associate the same breaks 
between different stations. For the 1981 event, we are lucky in both respects. Figure 
14 shows two WWSSN short-period records at NE and SW azimuths. There is a 
consistent break that seems to correspond to the second event initiation. From these 
two short-period records, we can see a 4.5 s directivity time shift. This time 
difference, combined with a P wave slowness appropriate for these stations, yields 
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WWSSN short period vertical component P waves for the 2S May 1981 earthquake. Station code, 
epicentral distance, and azimuth are listed for both seismograms. Amplitude scale refers to original trace 
amplitude for the listed magnifications. The first arrow shows the initial P wave arrival. The second 
arrow shows a distinct break that we associate with the second event onset in the long period records. 

a spatial separation of ~ 50 km to the southwest. Thus the large second event 
initiates about 50 km SW of the epicenter in the vicinity of the aftershock cluster 
(see Figure 3). Note that the apparent rupture velocity between the epicenter and 
the second event onset is 1. 7 km/s. The duration of the second event is about 16 s; 
even if we assumed a much faster rupture velocity of 4 km/s to the south, the total 
fault length is no more than 100 km. 

Nearly all of the moment release occurs in the two events found in the P waves. 
Although there might be additional moment release after the second event, it is only 
a small fraction of the total. The seismic moment in the deconvolved time functions 
from nondiffracted stations scatters about the surface wave moment estimate. 
Hence, there is no evidence for an additional long-period component of moment 
release in the time functions (for an example of this behavior, see BECK and RUFF, 

1984). Therefore, we conclude that the rupture process of the 1981 event is 
characterized by unilateral propagation to the southwest with most of the moment 
released in two events with a spatial extent of 100 km or less. There seems to be a 
concentration of moment release at the second event onset, 50 km SW of the 
epicenter, that coincides with the cluster of the largest aftershocks. 

The source time functions in Figure 12 are deconvolved for a point source at 
10 km depth. This implies a fault width of 20 km if the moment release is uniformly 
distributed down from the ocean bottom. It is in fact quite difficult to resolve the 
depth distribution of large shallow events. The long-period surface waves clearly 
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cannot resolve the difference between, for example, 16 and 33 km depth. The P 
waves offer better resolution than the long-period surface waves, but there are 
difficulties. CHRISTENSEN and RUFF (1985) demonstrated both theoretically and 
empirically a characteristic behavior of source time functions that are deconvolved 
at the incorrect depth. Namely, the source time function becomes more "compli
cated" and develops extraneous mUltiple pulses when the assumed depth is greater 
than the true depth. Thus, we can deconvolve source functions for a range of depth 
assumptions, and the best depth estimate corresponds to the simplest source 
function as determined by visual inspection or some statistical measure. Figure 15 
shows the focal depth test for the 1981 event for station MSO. A depth below 20 km 
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Figure 15 
Focal depth test for the 25 MAY 1981 earthquake. The P wave recorded at MSO is deconvolved for 
different depth assumptions, ranging from 3 to 40 km. Plotting convention is the same as in Figure 12. 
Water layer multiple bounces with a 2 km ocean depth are included in the Green 's function . The listed 
depth refers to distance below the ocean-earth interface, and a P wave velocity of 6.6 km/s is assumed. 

The simplicity criterion for depth selection indicates a best point source depth of 5 to 10 km. 
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is not acceptable. Although it is difficult to choose between the 5 to 10 km cases, we 
found that a point source depth of 10 km produces adequate results for all 
seismograms. Thus, the fault width is 20 km or less. 

3.1.5. P waves: unexplained features. We end our P wave analysis by pointing 
out that there are still some unexplained aspects of the rupture process that are 
exhibited in the P waves. We stated above that there is no significant moment 
release, in terms of the total seismic moment, after the second event. Indeed, there 
are no large features in the source functions beyond the second event at stations in 
the NE quadrant, e.g., MSO. However, this is not true at other azimuths. Figure 16 
shows P waves recorded by long period WWSSN instruments. Unlike the vertical 
component P waves in Figure 13 that eventually go off-scale, these P waves are 
on-scale for three or more minutes. P waves at the NW and SW azimuths show 
additional pulses after the second main event. Several seismograms display a nearly 
constant amplitude level for almost three minutes. These quasi-harmonic pulses are 
quite coherent between stations in anyone azimuthal sector, but clearly change as 
a function of azimuth. Nodal seismograms will typically display this behavior, but 
not all of these stations are nodal. Another possibility is that these oscillations are 
multiple reflections within the ocean layer. These water bounces usually do not 
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Figure 16 
P waves of the 25 MAY 1981 earthquake recorded by WWSSN long period instruments. Station code, 
distance, and azimuth (in degrees) are listed in front of the traces. The seismograms are ordered by 
azimuth, counter-clockwise from NE to SW. Due to off-scale Z components, the N component records 
are used for stations SHK, ANP, HKC, and GRM (there is long period drift in the GRM record). 
Amplitudes are scaled to the same range for each trace. This comparison illustrates the azimuthal 
dependence of the quasi-harmonic oscillations after the second event, yet the oscillations are coherent in 

anyone azimuthal sector. 
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affect long period records unless the water depth is quite deep and the focal 
mechanism is favorable, and even then a very shallow focal depth is required (see 
WARD, 1979; BECK and RUFF, 1987). At first glance, water bounces seem to present 
an attractive mechanism to explain the azimuthal variation: waves to the NE 
stations might see a water depth of less than 2 km, while waves to the NW and SW 
might bounce in the deeper water of the Puysegur trench. However, a preliminary 
quantitative exploration of this hypothesis does not satisfactorily explain the 
differences between the seismograms. A comparison of the P wave Green's func
tions indicates that the NW and SW stations might be more sensitive than the NE 
stations to small changes in the focal mechanism. While we are reasonably confident 
of the main conclusions regarding the 1981 event, i.e., seismic moment, focal 
mechanism, fault dimension, and double event character, there are unexplained 
complications in the P waves after the second main event. Earthquakes do not 
easily yield all their secrets. 

3.1.6. Seismic displacement and static stress drop. We have determined the 
seismic moment and fault dimension for the 1981 event. Other seismological 
quantities can be inferred from these fundamental parameters. From the basic 
definition of seismic moment (Mo), the seismic displacement averaged over fault 
area is given by: D = Mo/(jJ.LW), where the fault area is A = LW, with Land Wthe 
fault length and width respectively, and jJ. is the source region shear modulus. With 
a seismic moment of 5 x 1027 dyn cm, a shear modulus of 3 x lOll dyn cm - 2, and a 
fault length of 100 km, the average displacement is D = ( 1.7 x 104) W - 1 m km. 
While it is difficult to precisely determine the fault width, our satisfactory P wave 
modeling with a point source depth of 10 km implies that the fault width is 20 km 
or less. Substituting 20 km into the above formula, D = 8.5 m, and any decrease in 
Wor L increases D. To calculate the repeat time of a 1981-type earthquake for this 
minimum estimate for D, we use a strike-slip velocity component of about 2 cm/yr 
and the simplest assumption for the recurrence interval of a 1981-type event: each 
event ruptures the same segment with the same displacement. With these assump
tions, the recurrence interval is about 400 years. There is no historical record 
available to check this value, so it must be regarded as an order of magnitude 
estimate. 

The standard formula for the static stress drop of an infinitely long strike-slip 
earthquake that ruptures from the surface to a depth W is: !J.u = (2/n)jJ.(D/W). Of 
course, this formula is based on physically incorrect assumptions, e.g., the displace
ment is uniform and drops to zero at the fault edge, but it provides a useful basis 
for comparing different earthquakes. With the above parameter specifications, we 
obtain a stress drop of about 80 bars for the 1981 earthquake. This value is at the 
upper bound of observed stress drops for interplate strike-slip earthquakes (see 
KANAMORI and ANDERSON, 1975; PURCARU and BERCKHEMER, 1982). Note that 
if the fault width is 10 km rather than 20 km, the stress drop increases by a factor 
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of four to 320 bars. For comparison, the stress drop for the 1975 North Atlantic 
"intraplate" strike-slip earthquake is 140 bars (LYNNES and RUFF, 1985), the 
average stress drop for the 1972 Sitka strike-slip earthquake is 100 bars for a 10 km 
fault width (SCHELL and RUFF, 1988), while the average stress drop for the 1976 
Guatemala earthquake is only 30 bars (KANAMORI and STEWART, 1978). Thus, it 
appears that the 1981 Macquarie Ridge event has a higher average stress drop than 
other large interplate strike-slip events. We return to this aspect later in our 
seismotectonic discussion. 

3.2. The 12 OCT 1979 Puysegur Trench Earthquake 

The 1979 event (ISC parameters: origin time, 10:25:23.1, hypocenter, 46.54°S 
165.9°E h = 33 km, Ms = 7.4) is the second largest MRC earthquake since 1963. 
This event is located at the northern edge of the Puysegur trench where the 
continental shelf of South Island is encountered. Events in 1918 and 1945 of 
unknown mechanism occurred in this same region. The P wave first motion data are 
shown in Figure 17. The focal mechanism is clearly different from the 1981 event 
mechanism as both SW and NW stations are dilatational. The first motion data 

12 Oct 1979 
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Figure 17 
P wave first motions and focal mechanism solution for the 12 OCT 1979 event. The strike and dip of 
the steeply dipping nodal plane are determined by moment tensor inversion and first motion data. The 

other nodal plane is then specified by fault plane inversion. 
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only constrain the steeply dipping N-NE trending nodal plane. To determine the 
other nodal plane and the seismic moment, we use long-period Rayleigh waves. The 
IDA network was operating in 1979 and produced excellent long-period vertical 
component recordings of multiple orbit Rayleigh waves. We have applied the 
Kanamori and Given technique to these phases and obtained good results for the 
faulting geometry and the seismic moment. The constrained linear moment tensor 
inversion produces a thrust event with a fault strike of 3°. The first motion data 
constrain the west dipping plane to a dip of 58°. With these constraints on one 
nodal plane, the fault plane inversion determines a rake of 90.4°, i.e. pure thrust 
faulting, and a seismic moment of 0.6 x 1027 dyn cm. The M w for the 1979 event is 
then 7.1. Figure 18 shows the Rayleigh wave spectral amplitudes and phases with 
the fault inversion solution. 

Investigations of the seismicity at many different subduction zones find focal 
mechanisms similar to that for the 1979 event with the shallow dipping nodal plane 
defining the fault plane. The aftershock distribution for the 1979 event supports the 
choice of the shallow dipping plane as the fault plane (see Figure 3). The largest 
one-day aftershocks define a roughly equant region that is 40-60 km across; the 
area represents a typical fault area for an event of this magnitude. The mainshock 
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Figure 18 
Rayleigh wave spectra and phase for the 12 OCT 1979 earthquake. The data ( solid dots) are for a period 
of 256 s from R2 through R4 phases recorded by IDA stations. The fault plane inversion for depth of 
33 km gives focal parameters of: ¢ = 183°, b = 58° (constrained), and A. = 90.4°, with a seismic moment 

of 6 x 1026 dyn cm. The amplitude and phase curves for this solution are plotted. 
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hypocenter is at the downdip edge of the rupture area, another common character
istic of subduction events. 

We have also studied the long period P waves to determine the depth and 
moment release history for this event. Figure 19 shows the P wave at SE~ 
deconvolved at various depths. The depth extent of rupture is quite shallow, similar 
to the 1981 event. The source function at 40 km clearly displays the features of 
overestimating the depth, i.e., a complicated double-sided source function. The 
source functions above 10 km are all acceptable in terms of the simplicity criterion. 
We have used a point source depth of 5 km for source time fuction deconvolution. 
Figure 20 shows the source time functions. The seismic moment of the P wave 
source time functions seems to be higher than the surface wave value. The 1979 
event is a simple single pulse with a duration of 15 s. With a rupture velocity of 
3 km/s, this duration implies a fault extent of 45 km for a semi-circular rupture, 
once again a typical fault dimension for an earthquake of this size. If we assume a 
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Figure 19 
Focal depth test for the 12 OCT 1979 earthquake. The P wave at SEO is deconvolved for assumed 
depths ranging from 3 to 40 km. Water layer multiple bounces with a I km ocean depth are included in 

the Green's function. The simplicity criterion indicates a shallow depth of 3 to 10 km. 
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Source time functions for the 12 OCT 1979 event deconvolved from WWSSN long period Z component 
records. Seismic moment ( x 1027 dyn cm), distance, and azimuth are listed for each station. The point 
source is at a depth of 5 km and water layer multiples are included. These stations at different azimuths 

show a consistent simple pulse of moment release with 15 s duration. 

fault area of 40 x 60 km2 and a shear modulus of 3 x 1011 dyn em, the seismic 
moment yields an average displacement of 0.8 m. 

If we assume that the 1979 earthquake is a repeat of the 1945 event, then the 
recurrence interval is 34 years and the thrust velocity component from the RM2 
model gives an accumulated seismic displacement of 1.2 m, within 50% of our 
above calculated displacement. Given the crude estimate of fault area, this approx
imate agreement between the seismic and cumulative displacement is consistent with 
the assumption that the 1945 and 1979 events ruptured the same fault area. Note 
that the recurrence interval between the 1918 and 1945 events is 27 years, hence it 
is possible that all three events ruptured the same thrust fault segment. 

As previously noted, there is no indication of an anomalous stress drop in the 
aftershock area or rupture duration of the 1979 earthquake. The simple formula for 
the stress drop of a circular fault is: !la = (7n / 16)J1.(D /r), where r is the fault radius. 
To calculate the stress drop, we use the above discussed seismic moment, shear 
modulus, and displacement, and a fault radius for a fault area of 2400 km2 • These 
parameter choices result in a static stress drop of 12 bars, toward the lower end of 
observed stress drops. Although this value can clearly increase by a factor of two or 
more with refined fault area estimates, it will still fall within the band of typical 
stress drops for thrust events. 

One global characteristic of subduction is underthrusting on a shallow dipping 
fault plane (10° to 30°). Previous seismic evidence for subduction of the Australia 
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plate beneath South Island include the scattered intermediate depth events in the 
southwestern corner of South Island and the thrust-type focal mechanism for the 
1960 earthquake just off the Fiordland coast of South Island (see SCHOLZ et al., 
1973). Our study of the 1979 event demonstrates that shallow-dipping thrusting is 
also occurring south of the Fiordland coast, with the oceanic lithosphere of the 
Australia plate thrusting beneath the continental edge. While great underthrusting 
earthquakes at mature subduction zones extend to a depth of 40 km, it appears that 
the 1979 underthrusting extends no deeper than 10 km. Nevertheless, we conclude 
that there is active underthrusting at the northernmost tip of the Puysegur trench. 

3.3. The J J JUN 1970 Hjort Trench Earthquake 

The 1970 earthquake (ISC parameters: origin time, 16:46:43.7, hypocenter 
58.86°S 157.6°E h = 64 km, Ms = 7.2) is the third largest event since 1963 in the 
Macquarie Ridge complex. It is the southernmost large event in the Hjort trench, 
and occurs only 300 km NW of the PAC-ANT-AUS triple junction. It is located 
30 km to the west of the bathymetric deep of the Hjort trench, which locally strikes 
at about N200W. There are no long-period global digital network seismograms 
available for this event, and we have not used moment tensor inversion. Fortu
nately, the focal mechanism appears to be strike-slip and is thus well constrained by 
P wave first motion data, though there are some complications. Figure 21 shows the 
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Figure 21 
P wave first motions, focal mechanism, and P wave seismograms for the II JUN 1970 earthquake. The 
nodal plane with a strike of 346° is chosen as the fault plane. This plane has a dip in the range of 80-90°. 
Selected P waves, all recorded on WWSSN long period Z components, are plotted. Note the emergent 
character of the P wave which makes first motion determination difficult at many stations. The 
amplitude increases at about 20 s into the P wave. Note that LPA displays a different waveform 

character. 
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first motion data and the well constrained nodal planes. The strike of the NW 
trending plane is in close agreement with the local strike of the Hjort trench; hence 
it is reasonable to identify this plane as the fault plane. This choice for the fault 
plane gives right-lateral strike slip motion along this trend. There are no one-day 
aftershocks for the 1970 event listed in the ISC catalog. 

The WWSSN long period P waves plotted in Figure 21 show a rather compli
cated character. Most of the P waves show an emergent arrival, making first motion 
determinations difficult. Careful consideration of the waveforms at noisy stations is 
necessary to avoid misreadings. The seismograms maintain a low amplitude for 
approximately 20-30 s, then a strong arrival is seen at many stations, best exem
plified by the break at SNG. After this large pulse, most of the stations show 
quasi-harmonic oscillations for up to three minutes. These oscillations are reminis
cent of the oscillations in the WWSSN P waves for the 1981 event. Due to the 
presence of these short period oscillations, we are unable to reliably deconvolve the 
WWSSN P waves. Thus, the observed seismograms are smoothed before deconvo
lution. It appears that reliable and consistent source functions can be obtained by 
eliminating the shorter periods, with an important exception that will be discussed 
below. This implies that the Green's functions are not correct for the higher 
frequencies in the observed P waves. 

One curious feature of the ISC parameters for this event is the focal depth of 
64 km, determined by reported times of pP-P. Looking at the seismograms in 
Figure 21, it seems rather unlikely that a pP phase could be reliably identified. We 
have used the RAR P wave to perform the focal depth test as this station is 
relatively insensitive to small changes in the focal mechanism. It is immediately 
obvious that the focal depth is above 40 km (Figure 22), thus the ISC depth is 
incorrect. The simplicity criterion indicates that either 3 or 5 km is the best point 
source depth. Hence this is a shallow event, typical of strike-slip events in the 
Macquarie Ridge and elsewhere. 

We have deconvolved source time functions from the filtered WWSSN long
period P waves. Figure 23 shows the results for the focal mechanism of Figure 21 
and a focal depth of 5 km. The average seismic moment from the time functions is 
about I x 1027 dyn em (M w ~ 7.3), crudely consistent with the Ms value. The long 
period part of the moment release shows a single pulse with an emergent ramp-type 
onset and a rather abrupt truncation. Sharp truncations of the moment release 
have been observed for several large earthquakes (e.g., BECK and RUFF, 1985; 
SCHWARTZ and RUFF, 1985). This truncation is responsible for the major pulse in 
the seismograms at about 20 s. 

The LPA seismogram shows a completely different character. Note that the P 
wave onset at LPA is relatively larger than at the other stations. The arrival time 
has been checked, and it would appear that this is a real feature. Moreover, the P 
wave at NNA displays the same character as LPA. It is not surprising then that the 
source time function at LPA shows a completely different character than the other 
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Figure 22 
Focal depth test for the II JUN 1970 earthquake. The long period Z component at RAR is deconvolved 
at assumed depths ranging between 3 and 40 km. Water bounces from a 4 km ocean thickness are 
included, and the fault plane dip is 90°. The observed P wave is filtered to largely remove periods shorter 

than 6 s. The simplicity criterion indicates a shallow focal depth, perhaps 5 km. 

stations. There is an obvious explanation for this discrepancy: we do not have 
mutually consistent Green's functions for all the stations. Given that the character 
of the other seismograms is widely observed at different azimuths, we prefer to 
interpret LPA as "anomalous". Since NNA seems to share this anomalous character, 
we cannot simply dismiss it as a seismograph problem or a nodal phenomenon. One 
possible cause of this anomalous behavior is some change in the focal mechanism 
that effects the SE quadrant more than the other quadrants of the focal sphere. At 
this time however, we are not able to suggest, much less prove, a .focal mechanism 
change that reconciles all the observations. We can only issue a caution that moment 
release might have occurred with faulting geometry different from the first motion 
mechanism. Thus, the rupture process of the 1970 earthquake presents complications 
at all periods: short periods have the quasi-harmonic oscillations and the long periods 
are not mutually consistent at all azimuths. Since some fraction of the moment release 
occurred with the geometry of the first motion mechanism, the RM2 predicted motion 
is correct insofar as the sense of strike-slip motion is concerned. This lends some 
support to the notion that the PAC-A US plate boundary follows the Hjort trench. 
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Figure 23 
Source time functions for the II JUN 1970 earthquake deconvolved from filtered long period P wave 
seismograms. The effect of the smoothing filter can be seen by comparing the filtered traces to the 
observed traces in Figure 21 . The source functions are mostly coherent in the long period band with a 
single large pulse of moment release, LPA is the obvious exception. Seismic moment has units of 

1027 dyn cm. 

3.4. Focal Mechanisms of Smaller Post-1963 Events 

We report the focal mechanisms of smaller earthquakes that have been deter
mined by other investigators. These determinations are based on two different 
procedures: first motion focal mechanisms and long-period moment tensor inver
sion. All mechanisms for the post-1963 earthquakes are listed in Table 1. 

3.4.1. First motion focal mechanisms. We have found three sources of first 
motion mechanisms for Macquarie Ridge earthquakes, SYKES (1967), BANGHAR 
and SYKES (1969), and JOHNSON and MOLNAR (1972), for a total of five earth
quakes. In general, the steeply dipping planes of these mechanisms are well 
constrained, while shallow dipping planes are somewhat uncertain. Hence, the 
strikes of the shallow dipping "fault planes" for the thrust events are not well 
determined, but the strike slip mechanisms and the slip vector orientation for the 
thrust events are generally reliable. Three of these focal mechanisms are for events 
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Table I 

Summary of focal mechanisms for Macquarie Ridge Complex earthquakes. 

Epicenter Focal Mech 

# Date LaWS) LonCE) Depth Mag P cP fJ .A. Ref 

I 12 SEP 1964 49.0 164.5 S 6.9 A 173 58 (68) S 
2 8 NOV 1964 49.0 164.2 S 5.6 A 146 78 (90) BS 
3 2 AUG 1965 55.9 157.7 S 6.6 F 184 84 210 BS 
4 25 MAY 1966 52.8 160.2 S 6.5 ? (168) (36) (90) BS 
5 20 SEP 1967 49.6 163.9 S 6.1 A 191 72 (90) JM 
6 11 JUN 1970 58.9 157.6 5 7.2 F 346 85 180 • 
7 12 OCT 1979 46.5 165.9 5 7.4 F 3 32 90 • 
8 7 FEB 1980 54.2 158.8 S 6.5 F 20 90 186 * 
9 25 MAY 1981 48.6 164.7 10 7.6 F 30 70 173 • 

10 27 JUN 1982 55.4 160.2 S 6.1 F 214 85 134 H 
II 7 JUL 1982 51.1 160.6 S 7.0 F 63 78 193 H 
12 23 MAY 1984 52.0 161.1 S 5.9 F 211 34 122 H 
13 2 JUL 1984 54.9 158.9 S 5.0 F 19 90 180 H 
14 3 JAN 1985 54.4 155.4 S 5.1 ? 240 84 160 H 
15 31 JAN 1985 46.1 165.1 S 6.1 A 197 66 95 H 

Epicentral parameters are ISC values through 1982, NElS for 1984 and 1985. Magnitude is USCGS 
mb through 1967, M,. afterwards. Shallow hypocentral depth is indicated by'S'. Numerical depth values 
are in km, and are determined by P wave analysis. The focal mechanism parameters are strike, dip, and 
rake, in degrees, for the standard convention (see KANAMORI and GIVEN, 1981). The 'P' column refers 
to which nodal plane is described, 'F' is the fault plane and 'A' is the auxiliary plane in our 
interpretation. For first motion mechanisms, we describe the best-constrained plane. Unreliable values 
are given in parentheses. The focal mechanism references are: S, SYKES, 1967; BS, BANGHAR and 
SYKES, 1969; JM; JOHNSON and MOLNAR, 1972; H, the Harvard group, see ISC catalog; *, this study. 

that occur in the cluster of seismicity between 49°S and 500 S (we will refer to this 
seismicity cluster as the "1981 cluster"), and all three events show thrust mecha
nisms. We assume that the east-dipping nodal planes are the fault planes. The 
azimuths of the poles to the auxiliary planes for these three events are N56°E, 
N83°E, and NIOI °E. Since the intermediate orientation is from the largest event, we 
use a slip vector orientation of N83°E as representative of the thrust motion in the 
1981 cluster. The 25 MAY 1966 earthquake has compressional first motions in the 
center of the focal sphere and is therefore a thrust event, but the nodal planes are 
free to rotate to any strike. The 2 AUG 1965 event is a right lateral strike-slip event 
along the northerly plane and is well constrained by first motions. We will discuss 
this event in a later section. There is one MRC earthquake studied by BANGHAR 

and SYKES (1969) that is not listed in Table I, the 12 MAY 1963 event. Their first 
motion data suggest a vertical dip-slip mechanism, although it is poorly con
strained. The epicenter is 150 km to the east of the MRC and the ISS depth is listed 
at 70 km. These parameters suggest that this earthquake may be an intraplate event 
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in a subducted slab. Only a few good quality seismograms are available for this 
event due to its small magnitude. A comprehensive P wave study is not possible, but 
preliminary analysis of the P waves at close stations indicate that this earthquake 
is in fact shallow. A shallow depth removes the speculation of a slab event. 

3.4.2. Moment tensor inversion focal mechanisms. Several reliable focal mecha
nisms in the MRC have been determined as part of systematic global studies. As an 
early experiment in the systematic application of moment tensor inversion, 
KANAMORI and GIVEN (1981) inverted the long-period Rayleigh waves recorded by 
IDA stations to determine the constrained moment tensor for large events that 
occurred in 1980; their event list includes one event in the Macquarie Ridge 
complex. The 7 FEB 1980 event (ISC parameters: origin time, 10:49:16.3, hypocen
ter 54.2°S 158.8°S h = 10 km, Ms = 6.5) is located just 40 km north of Macquarie 
Island along the crest of the northeast striking bathymetric high. The constrained 
moment tensor solution in Kanamori and Given is a strike-slip mechanism with 
right lateral slip along a plane that trends N20oE; this trend coincides with the local 
strike of the Macquarie Ridge. To check this solution, we have used P waves 
recorded by GDSN stations. We find that only a minor modification of the 
Kanamori and Given focal mechanism is necessary. The first motion data and a few 
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Figure 24 
Focal mechanism, P wave first motions, and GOSN P waves for the 7 FEB 1980 earthquake. Station 
code, distance and azimuth (in degrees) are listed for these Z components. The moment tensor inversion 
gives a major double couple of right lateral strike-slip along a trend of N200E. The first motion data 
require only a minor modification, a rake of 186° rather than 180°. The long period GDSN P waves 
show single simple pulses. The traces start 30 s before the P wave arrival, and the PP phase follows the 

P wave. 
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P wave seismograms are plotted in Figure 24 along with the modified focal 
mechanism. The 1980 event appears to be a simple shallow earthquake. 

The Harvard group systematically inverts for the moment tensors of events that 
are well recorded by the GDSN, their solutions are now routinely published in the 
NElS and ISC listings. Their catalog of solutions is fairly complete for events with 
magnitude larger than 5! from 1981 to the present, and they have extended the 
catalog back to 1977. A total of six earthquakes, excluding the 25 MAY 1981 event, 
in the Macquarie Ridge complex are in their post-1981 catalog. We have not 
checked any of these solutions, but given the excellent correspondence for the 
faulting geometry of the large 1981 event, our opinion is that the nodal planes are 
well determined. These six events are distributed along the Macquarie Ridge 
complex and include both strike-slip and thrust earthquakes. The focal mechanisms 
for these earthquakes are listed in Table 1. We will discuss these focal mechanisms 
in conjunction with all the MRC focal mechanisms in the following section. 

3.5. Discussion of Post-J963 Seismicity 

The focal mechanisms and locations for the entire list of post-1963 earthquakes 
are plotted in Figure 25 along with the simplified bathymetry of the MRC. The 
earthquakes are identified by numbers that correspond to the listing in Table 1. One 
curious feature of the mechanisms in Figure 25 is the interspersed occurrence of 
both strike-slip and thrust earthquakes. If we focus our attention on the 1981 
cluster, we see that the smaller thrust events are located adjacent to the 1981 fault 
zone. The slip vector strike of N83°E for thrusting is markedly different than the 
N300E strike for the 1981 event slip vector. Any estimate of the relative plate 
motion in this region based solely on the smaller thrust events would be incorrect. 
Thus, we must be cautious when using any single earthquake along the Macquarie 
Ridge as an indicator of the local plate motion. We can view the slip vectors from 
strike-slip and thrust events in the same region as extremal bounds on the direction 
of plate motion. 

There are two events to the north of the 1981 cluster. Event #7 is the 12 OCT 
1979 earthquake that we have discussed in detail, event # 15 is a smaller event that 
also shows shallow-dipping underthrusting to the east. This latter event is too small 
to represent a repeat of the 1979 event and its location is to the west of the 1979 
event. There are two thrust mechanisms in the McDougall trough region (52!oS) to 
the south of the 1981 cluster. Unlike the 1979 mechanism, these focal mechanisms 
imply underthrusting to the west. While mechanism #4 is not reliable, mechanism 
# 12 is a Harvard CMT solution. A switch in the "polarity" of underthrusting is thus 
associated with the alternation of the troughs and rises between the Puysegur and 
McDougall regions. Although we would also anticipate west-dipping underthrusting 
along the small trough to the east of Macquarie Island (54! OS), there are only two 
strike-slip mechanisms in this region. Note that the Harvard CMT solution for 
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Figure 25 
Focal mechanisms for Macquarie Ridge earthquakes and the primary physiographic features. All reliable 
mechanisms for post-1963 events are shown, the numbers refer to the event number in Table I, and the 
dots show the epicentral locations from Table I. The focal sphere size is proportional to event 
magnitude, and the compressional quadrants are shaded in these lower-hemisphere equal-area projec
tions. The dashed lines show the 1000 fathom depth contours, while the troughs along the Macquarie 
Ridge are shaded (delineated by the 2600 fathom depth contours, from MAMMERICKS et al., 1975). Part 
of South Island is at the upper right. The shallow shelf to the east is the Campbell Plateau. The two large 
troughs are the Puysegur trench to the north and the Hjort trench in the south; two smaller troughs 
between 50n S and 55°S are to the east of the ridge. Oblique convergence is accommodated by a 

dual-rupture mode of strike-slip and thrust earthquakes. 
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event # 13 has the same fault strike as the 7 FEB 1980 earthquake discussed above 
(event # 8). One implication of these events is that the seismically defined plate 
boundary is along, or slightly to the east of, the bathymetric rise between 52°S and 
55°S. To the south, the strike-slip events of 2 A ua 1965 (# 3) and II JUN 1970 
( # 6) both plot slightly to the west of the MRC. 

There are three events in Figure 25 that plot off the main bathymetric trend of 
the MRC, events # 10, # 11, and # 14. The two smaller events in the Macquarie 
Island region (# to, # 14) are clearly displaced to either side of the MRC and 
represent intraplate seismicity. The mechanisms show right lateral strike-slip along 
northeast trending planes, hence they exhibit the same basic deformation as the slip 
along the PAC-AUS boundary. The large off-MRC event at 51 0S (# 11) deserves 
more emphasis. This event is located in the seismicity gap between the 1981 cluster 
and the McDougall trough. This seismicity gap corresponds to an offset in the 
bathymetric rise, and the alternation of the troughs. Perhaps the 1982 event occurs 
along an ancient zone of weakness that is associated with the MRC offset. Note that 
the right lateral motion for this event occurs along the nodal plane striking at 
N63°E. This fault strike is significantly different from the N300E fault strike of the 
large 1981 event. Thus the slip vector for the 1982 event points in a direction 
intermediate to the strike-slip and thrust slip vectors in the 1981 cluster. The slip 
vector for the 1982 event may reflect the "true" PAC-AUS relative motion. 

The seismicity gaps are interesting features. The 1981 cluster seems to be 
bounded by zones of reduced seismicity to the north and south. With active 
subduction and the occurrence of three large earthquakes in the northernmost 
Puysegur trench, the seismicity gap in the central portion of the Puysegur trench is 
particularly puzzling. Is this region a seismic gap, or is it possible that some of the 
surrounding pre-1963 earthquakes are actually located in this quiet region? Many of 
the historical earthquakes are poorly located and large shifts in their location are 
possible. Note that two of the large events in the northern MRC (1924 and 1926) 
are located off the main bathymetric expression of the Macquarie Ridge complex. 
Are these events mislocated, or is there significant intraplate seismic activity to the 
west? To complement the study of the recent large earthquakes, we have checked 
the locations of the pre-1963 large earthquakes and have even found focal mecha
nism information for two earthquakes. 

4. Pre-1963 Large Earthquakes 

Of the 15 large events in the Macquarie Ridge complex, to occurred before the 
establishment of the WWSSN. It is difficult to study these events as there is no 
centralized data archive of high-quality seismograms. Since many of the early 
seismographs were not well-calibrated, wave amplitude or waveshape studies are 
difficult. Even the polarity of many of the seismographs is not known. Station timing 
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errors can also introduce significant travel time residuals. Despite all these pitfalls, 
we have systematically tested the epicentral locations of all large earthquakes in the 
MRC, and are able to place constraints on the faulting geometry for two events. 

4.1. Epicenter Relocation 

While most of the seismicity plots along the main bathymetric features of the 
MRC, two of the large earthquakes in Figure 1, the 24 JUL 1924 and 3 OCT 1926 
events, plot west of the Puysegur trench. A major discontinuity in the oceanic 
lithosphere lies between the Puysegur trench and the intersection of the Balleny 
fracture zone with the southern edge of the Tasman plateau. This discontinuity is 
associated with the change in spreading direction at 50 Ma (before present) from 
the older Tasman sea opening to the present-day Australia-Antarctica opening 
(WEISSEL et al., 1977). A large earthquake occurred 1 MAY 1951 along the Balleny 
fracture zone, and thus might be associated with the Puysegur-Balleny trend. The 
oceanic lithosphere between the MRC and the Balleny fracture zone is a rather 
narrow southward extension of the AUS plate that is bounded to the west and east 
by the ANT and PAC plates, respectively. Thus it is possible that the region 
between the MRC and the Balleny fracture zone is a mini-plate that is decoupled 
from the AUS plate along the Puysegur-Balleny trend. Although a few events have 
occurred along this trend since 1963, they are small events and the focal mecha
nisms have not been determined. Our analysis is thus limited to relocations of the 
above-mentioned three large events. 

The ISS locations for the 24 JUL 1924 and 3 OCT 1926 events are quite 
different from the locations plotted in Figure 1. Epicenters for the pre-1950 large 
events are from GUTENBERG and RICHTER (1949); both the 1924 and 1926 events 
are shifted by about 150 km from the ISS locations. Epicentral shifts of this 
magnitude are not uncommon for relocations of earthquakes from the early part of 
this century. Gutenberg'S personal notes (available through the Seismological 
Laboratory, Cal tech, Pasadena, CA 91125) show his relocation procedure: he 
simply plotted travel time residuals from the ISS bulletins as a function of 
event-station azimuth and subjectively sketched a sinusoidal curve through the 
residuals. Since we are not endowed with the subjective skills of Gutenberg, we have 
quantified this procedure as a simple check on the locations of all large MRC 
events. Modern relocation techniques are quite sophisticated (see e.g., DEWEY and 
SPENCE, 1979) and offer relative epicentral locations accurate to 10 km or less. 
However, we retain a simple one-step method as we are mainly interested in much 
larger epicentral shifts. We have used the P arrival times as reported in the ISS 
bulletins. There are at least two reasons that we might expect to improve upon the 
ISS locations: (1) the use of modern, i.e., more accurate, travel time tables, and (2) 
the computational ease of testing epicentral perturbations to find the best-fit 
location. We have also used a subset of the data reported in the bulletins; we do not 
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use diffracted P waves or core phases. Our selection results in fewer data~ though 
the selected residuals are possibly more reliable. 

4.1.1. Method. We use a simple relocation method that has been used by many 
seismologists for decades. Although this method is quite straightforward and 
well-known, we describe our procedure in detail for the sake of completeness. 

The quantitative scheme is based on the simple first-order linearization of the 
travel time function for teleseismic P waves. The P wave arrival time observed at 
station i is obsT;. The calculated P wave time depends on three parameters: origin 
time, depth, and epicentral distance (t, h, and Xi> respectively). For an initial 
hypocentral location and origin time, we find the initial epicentral distance and 
calculate the travel time residual: r; = obsT; - T(to, ho, ox;). We seek perturbations to 
the initial hypocentral parameters to reduce the residuals. The perturbation to 
epicentral location must be rewritten in terms of the perturbation in epicentral 
distance to the stations. If the epicenter moves a distance (dy) along a direction (e 
is the angle relative to north), then the first-order relation for the travel time 
variation with respect to epicentral distance variation (dx;) can be written in terms 
of the epicentral perturbation: (tJT/tJx;) dx; = - (tJTftJy); cos(cP; - e) dy, where cP; is 
the event-station azimuth relative to north. The derivative (tJTftJy); is evaluated at 
the initial distance and is simply the ray parameter, Pi. Define the residuals for 
the perturbed epicentral location as dT;, where dT; = obsT; - T(to + dt, ho + dh, 
OX; + dxJ Expand the travel time function as a Taylor expansion about the initial 
parameters, retain only the first-order linear terms, and replace (tJT/f>x;) dx; with 
the above expression to obtain: dT; = [obsT; - T(to, ho, ox;)] - dt - (f>T/f>h); dh + P; 
cos(cP; - e) dy. Since we cannot resolve changes in the hypocentral depth with our 
data, we combine the time shift due to depth perturbation with the origin time shift. 
The expression in brackets is r;, the observed travel time residual, hence we now 
have: dT; = r; - dt + P; cos(cP; - e) dy. The parameter perturbations, dt and dy, are 
linearly related to the residuals for a specified e. The sum of the squares of residuals 
dT; is minimized with respect to dt and dy by the least squares straight line through 
r; plotted as a function of P; cos(cP; - e). The intercept and slope of the least squares 
line through r; are dt and - dy, respectively. Note that since the distance perturba
tion is given by the slope of the best-fit line to the residuals, the slope standard error 
is a measure of the distance uncertainty. We consider the epicentral relocation 
significant only if the standard error along the relocation direction is substantially 
less than the relocation distance, i.e., the slope is significantly different from zero. 
Since we do not know the best direction for the epicentral perturbation in advance, 
we try all directions, in 10° increments, and choose the direction that produces the 
best overall fit to the residuals. Although the relocated epicenters listed in Table 2 
are quantitatively determined, our error analysis is rather simple and not completely 
rigorous. Thus, the listed uncertainties in latitude and longitude represent conserva
tive subjective estimates. 
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4.1.2. Relocation results. All relocations are relative to the ISS parameters. We 
recompute the station distance, azimuth, and P wave travel time based on the 
Jeffreys-Bullen tables. We apply this procedure to all large pre-1963 events along the 
MRC, to the 1951 event south of Tasmania, and to three post-1963 large events (see 
Table 2). The locations of the 1964, 1970, and 1979 events are tested to determine 
the bias and resolution limit of the simple relocation scheme for MRC events. Our 
procedure moves these events in different directions by 50 km or less. Thus, in 
addition to the standard error criterion, a relocation is not considered significant 
unless the relocation distance is greater than 50 km. Given these two criteria, we 
obtain significant relocations for three pre-1963 events. The events are discussed in 
chronological order. 

The relocation of the 24 JUN 1924 event is significant, the epicenter moves 230 km 
northwest of the ISS location. The epicenter listed in Table 2 is along the MRC, though 
somewhat north of the locations of MACELWANE (1930) and Gutenberg. In the 
Puysegur trench region, we do not obtain significant relocations for either the 1924 
or 1926 events. Though the best-fit locations are more than 100 km from the ISS 
locations, the standard errors include the initial epicenters. The relocation directions 
are to the south for the 1924 event and to the north for the 1926 event, the same 
directions as for Gutenberg's relocations. While the locations for these two events 
obtained by Gutenberg, the ISS, and our study are all to the west of the MRC, our 
error limits for both events extend to the MRC. Thus, we cannot reach a strong 
conclusion regarding the locations of these two events, but it is certainly possible that 
they are located west of the MRC. There is no significant relocation of the 1936 event 
in the 1981 seismicity cluster. Gutenberg's relocation for the 1943 event is more than 
200 km north of the ISS epicenter; we obtain a significant relocation for the 1943 event 
that is also north of the 'ISS epicenter, though with a displacement of only 150 km. 
This relocation simply moves the 1943 event along the trend of the MRC. The 
relocations for the 1945 and 1951 events are not significant, the displacements are 
less than 50 km. Thus, the 1945 event occurred quite close to the 12 OCT 1979 event, 
and the 1951 event does indeed occur along the Balleny fracture zone. The relocation 
of the 13 DEC 1960 event is probably the most significant result of our relocation 
study. The relocated epicenter is displaced 160 km along a direction ofN20oW from 
the ISS epicenter. This places the 1960 event in the low-level seismicity region south 
of the 1981 cluster, virtually the same location as the 7 JUL 1982 event. Thus, the 
occurrence of two large events in this "quiet" region implies continued slip in this 
region and underlines the importance of the 1982 focal mechanism. The focal 
mechanism of the 1960 event will be discussed in the next section. 

The epicenters for all large earthquakes that we have considered are along the 
MRC except for the I MAY 1951 event and possibly the 24 JUL 1924 and 3 OCT 
1926 events. We have searched the seismicity catalogs for other large events along 
the Puysegur-Balleny trend but have found none. There are a few very small events, 
but they do not define an obvious linear trend. 



110 Larry J. Ruff et al. PAGEOPH, 

4.2. Focal Mechanisms 

Reliable determinations of first motion focal mechanisms usually require a 
global seismogram collection with known instrument polarities and good azimuthal 
coverage. Due to special circumstances, we can constrain the focal mechanisms for 
two events: the 26 JUN 1924 earthquake at the northern end of the Hjort trench, 
and the 13 DEC 1960 earthquake south of the Puysegur trench. 

A focal mechanism for the 1924 event is only possible because MACELWANE 
(1930) collected the seismograms for this event soon after its occurrence, he 
determined the instrument polarities, and published photographic reproductions of 
the seismograms with all pertinent information. RUFF and CAZENAVE (1985) 
plotted the 1924 P wave first motions on the focal mechanism for the nearby 2 
AUG 1965 event to show that the 1924 faulting geometry differs from the strike-slip 
mechanism of the 1965 event (see Figure 26). The 1924 first motion data constrain 
one steeply dipping nodal plane to strike north. RUFF and CAZENA VE (1985) 
speculated that the second nodal plane has a shallow dip to the east: the 1924 
earthquake then represents underthrusting on a shallow dipping fault plane. Since 
the combination of right lateral strike-slip and underthrusting motion occurs 
elsewhere along the Macquarie Ridge, this interpretation seems reasonable. The 
1924 event would then be the largest thrust event in the Macquarie Ridge complex. 

June 26, 1924 N 

BATa 

... ~ ......... -- ... -
Aug 2,1965 

, , , 
I , , , 

. iRIV , 
I , 

Figure 26 

·WEL 

P wave first motions for the 26 JUN 1924 earthquake. Most arrivals are compressional and plot near the 
center of the focal sphere. Compressional arrivals were also recorded in Australia (RIV) and New 
Zealand (WEL). There is a reliable dilatational arrival at Batavia (BAT) . The first motion data constrain 
one of the 1924 nodal planes ( solid line). The dashed nodal planes are for the 2 AUG 1965 event (see 
Table I), the compressional quadrants are dotted. While the 1924 event appears to be a thrust event, the 

second nodal plane is poorly constrained and hence is not plotted. 
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P wave first motions and IGY long period seismograms for the 13 DEC 1960 earthquake. The 7 JUL 
1982 focal mechanism is plotted as the dashed nodal planes. The solid lines show a pure strike-slip (right 

lateral) focal mechanism with the same fault strike as the 1982 event. 

There were several experiments with globally deployed long-period seismographs 
before the WWSSN. The IGY seismograph program started operating in 1957. 
Many excellent long period seismograms were recorded, and the instrument polari
ties are generally well-known. Also, the seismology group at Lamont-Doherty 
Geological Observatory collected and archived most of the seismograms. We have 
obtained copies of these long-period records for the 13 DEC 1960 earthquake and 
are able to read several P wave first motions. Figure 27 plots the 1960 first motion 
data, the nodal planes for the nearby 7 JDL 1982 earthquake, and a pure strike-slip 
mechanism with the same fault strike as the 1982 event. Note that the 1960 data do 
not allow the vertical fault plane to strike at N30oW, the trend for the large 1981 
event to the north. Although the 1960 focal mechanism is not exactly the same as 
for the 1982 event, it seems that both earthquakes might share the same fault strike, 
and possibly the same fault plane. 

5. Discussion of Seismotectonics 

We now consider the seismotectonics of the Macquarie Ridge complex in light 
of the newly compiled results on several earthquakes. Two main questions are 
addressed: (I) does the PAC-ADS plate boundary coincide with the Macquarie 
Ridge complex, and if so, does the RM2 model adequately describe the PAC-ADS 
plate motions, and (2) is there a simple explanation for the seismicity pattern and 
varying focal mechanisms. 
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5.1. Plate Boundary Location and Plate Motion 

Although there is seismicity within the Australia plate between Balleny fracture 
zone and Puysegur trench, our interpretation is that these events are intraplate 
earthquakes and the PAC-AUS plate boundary coincides with the Macquarie Ridge 
complex from South Island to the triple junction at the southernmost end of the 
Hjort trench. Relative to the seismic activity along the MRC, the intraplate events 
in the Balleny-Puysegur trend are infrequent in number, smaller in size, and 
scattered in location with no consistent linear trend. In addition, the trend of the 
Balleny fracture zone south of 600S is consistent with ANT-AUS plate motion and 
the relatively high level of seismic activity along the fracture zone indicates plate 
boundary slip. Thus, the narrow slice of oceanic lithosphere between Balleny 
fracture zone and the MRC (the "Tasman spur") moves as a rigid extension of the 
Australia plate. 

5.1.1. BPF*: the PAC-AUS rotation pole. If the interaction between the Aus
tralia and Pacific plates along the Macquarie Ridge complex follows from rigid 
plate tectonics, then the instantaneous relative motions are described by rotation 
about a pole. Plate motion generally occurs as a combination of right lateral 
strike-slip and thrust events along most of the Macquarie Ridge, hence the net slip 
vector at a location should be a weighted average of the strike-slip and thrust 
vectors. It is difficult to specify the weighting of the two different slip directions as 
the recurrence intervals and fault area overlaps are not well determined. The motion 
in the southern Puysegur trench is clearly a mixture of strike-slip and thrust motion 
with slip azimuths of N300E and N83°E, respectively. The rotation pole should 
produce a slip vector orientation intermediate to these two directions. Therefore, 
the rotation pole should fall within the sector bounded by the two great circles that 
are normal to the strike-slip and thrust slip vector azimuths (see "pole lines" in 
Figure 28). Although there is a mixture of strike-slip and thrust earthquakes further 
south along the MRC, they are not spatially clustered as in the 1981 cluster. In the 
Macquarie Island region, we know the slip vector for the 1980 strike-slip earth
quake. With the assumption that there is a missing thrust component, the rotation 
pole should lie south of the 1980 slip vector "pole line" (Figure 28). This restriction 
places the rotation pole south of the Minster and Jordan BFP. In a similar fashion, 
the 12 OCT 1979 thrust earthquake provides a further constraint, the rotation pole 
must lie to the east of the 1979 "pole line". 

While the RM2 pole falls in the allowed sector in Figure 28, the Minster and 
Jordan BFP is clearly eliminated. Why does the RM2 pole better satisfy the 
expanded slip vector data set than the BFP pole? The BFP pole determination used 
only two events in the MRC, the 8 NOV 1964 event in the 1981 cluster and the 2 
AUG 1965 strike-slip event at the northernmost Hjort trench that has the highest 
"importance" of any datum for the Pacific-India boundary (see MINSTER and 
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Figure 28 
Slip vector constraints on the PAC-A US rotation pole. Same as Figure I except that slip vector pole lines 
and BFP* have been added. Pole lines are perpendicular to earthquake slip vectors. The two pole lines 
from the 1981 cluster are from the strike-slip and thrust earthquakes, the rotation pole should lie between 
these lines, indicated by bold curved arrows. Other regions are characterized by either strike-slip or 
thrust events: the rotation pole should lie to the east of the thrust pole lines and south of the strike-slip 
pole lines. The best-fit rotation pole must then be located in the polygonal region bordered by the heavy 
line. The "true" PAC-AUS best-fit rotation pole (BFP*) is determined by the PAC-ANT and ANT-A US 

best-fit rotation poles and is plotted as the star. The 7 JUL 1982 event pole line is dashed. 

JORDAN, 1978, for discussion of "importance"). Indeed, notice that their BFP lies 
along the 1965 "pole line". We now realize that using only one event in a region of 
mixed focal mechanisms will bias the rotation pole, i.e., the rotation pole should not 
lie on the pole line from a single earthquake. The Minster and Jordan BFP is shifted 
to the final RM2 location by the constraint of triple junction closure. If the relative 
motion data for a plate boundary is biased, then a pole location based on triple 
junction closure could be more accurate. Of course, this assumes that the informa
tion for the. other two plate boundaries is reliable. Since the PAC-ANT and 
ANT-AUS boundaries are both spreading centers with abundant transform faults 
and magnetic lineations, we would anticipate their relative motion to be well 
determined. Recall that the RM2 pole plotted in Figure 28 is actually the Pacific
India pole, and is determined by the RM2 poles for PAC-ANT and ANT-India. 
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The internal deformation of the India plate causes the ANT-India RM2 pole to be 
displaced from the ANT-India BFP. Since the data for the ANT-India BFP 
determination are from the spreading system between Antarctica and Australia, the 
Minster and Jordan ANT-India BFP is the best representation of ANT-AUS plate 
motions. Thus, we construct the "best-fit" PAC-AUS rotation pole by applying 
triple junction closure to the Minster and Jordan BFP's for ANT-India and 
PAC-ANT. This "best-fit" PAC-AUS pole is referred to as BFP* and is plotted as 
the star in Figure 28. Note that it plots slightly to the north of the RM2 pole and 
is within the allowed sector. The fact that the location of BFP* is compatible with 
the new slip vector constraints supports the notion that the Tasman spur (litho
sphere between Balleny fracture zone and MRC) is a rigid extension of the AUS 
plate. Recall that the 7 JUL 1982 event occurs at 51 oS between the Puysegur trench 
and McDougall trough and has a slip vector azimuth that is intermediate to the 
strike-slip and thrust slip vector azimuths in the 1981 cluster. The slip vector pole 
line for the 1982 event lies to the south of BFP*. Hence the Puysegur trench and 
McDougall trough regions might be connected by a transform fault segment and 
the 1982 event occurs on the extension of this fault. 

Returning to the plate boundary question, there is one caveat that we must 
mention. Plate motion is described by the rotation pole location and the rotation 
rate. Since we can only locate the position of the rotation pole with earthquake slip 
vectors, the Tasman spur could theoretically be a separate plate from the Australia 
plate. The two rotation poles, PAC-AUS and PAC-Tasman, could share the same 
location with respect to PAC. The Tasman spur could then be decoupled from the 
AUS plate by a transform fault along a small circle around their rotation pole. 
However, even if there is some deformation in the Tasman spur, we repeat our 
contention that the high level of seismic activity in the MRC indicates that most of 
the plate boundary slip occurs along the MRC. Thus, the Macquarie Ridge complex 
is the PAC-AUS plate boundary and the earthquakes are responding to present-day 
kinematic conditions. 

5.2. Oblique Subduction 

The MRC serves as the PAC-AUS plate boundary with a rotation pole close to 
RM2; the relative motion along most of the MRC is then characterized by oblique 
subduction. This oblique subduction is accommodated by a combination of two 
earthquake types: right lateral strike-slip motion on nearly vertical fault planes and 
thrust motion on fault planes with shallow dips. The primary example of this 
dual-rupture mode is the activity at the southern end of the Puysegur trench where 
the 1981 event occurred. The smaller thrust events have occurred along the entire 
rupture zone of the large 1981 strike-slip earthquake and these shallow dipping 
thrust planes are adjacent to the vertical strike-slip fault plane. This dual-rupture 
mode is unusual behavior. Oblique plate motion at other subduction zones is 
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accommodated by earthquakes with oblique slip on a shallow dipping fault plane 
(for example: the Alaska-Aleutian subduction zone, Wu and KANAMORI, 1973; the 
Japan subduction zone, KANAMORI, 1971; the Ecuador-Colombia subduction zone, 
KANAMORI and McNALLY, 1982). We propose that the dual-rupture mode present 
in the MRC indicates an immature subduction zone, and is a simple consequence of 
transitional tectonics where the rotation pole is migrating at a geologically signifi
cant rate. 

Plate tectonic reconstructions show that the PAC-AUS rotation pole has 
migrated south relative to the eastern part of South Island and the MRC, i.e., the 
Pacific plate (see MOLNAR et al., 1975). During this migration, the Puysegur trench 
region has been characterized by right lateral strike-slip motion, and possibly 
changed from a tensional to compressional environment. Thus, a long continuous 
vertical fault developed in this region and served as the primary locus of plate 
motion, just as the Alpine fault in South Island became a dominant tectonic feature. 
As the rotation pole migrated southward, the compressive component of motion 
became more significant and required some type of deformation. Horizontal 
shortening cannot be accommodated by slip on a vertical fault plane. New fault 
planes must develop if the deformation occurs by fault slip. In our interpretation, 
the small thrust events beneath the bathymetric rise in the 1981 cluster region 
represent slip on relatively new faults with a dimension of 20-50 km. The three 
thrust focal mechanisms show different strikes and dips of the fault planes. These 
planes are not yet aligned as a smoothly continuous horizontal plane along the 
trench. Thus, these new fault planes cannot easily accommodate the strike-slip 
motion, and indeed the older vertical fault is still quite capable of that. As thrusting 
motion continues on the mosaic of new shallow-dipping fault planes, we speculate 
that they eventually coalesce into a single throughgoing shallow-dipping plate 
interface. At this point, the strike-slip component can then be accommodated by 
this fault surface with oblique slip. The role of the older strike-slip fault plane 
depends partly on where the new shallow-dipping fault forms. If the upper part of 
the strike-slip fault is on the plate that is overthrust, then it will be preserved and 
can even remain active. On the other hand, if the strike-slip plane is left on the plate 
that is underthrust, then it is subducted and disappears (see Figure 29). In our view, 
the accommodation of oblique subduction by large strike-slip and small thrust 
earthquakes is a temporary situation that is due to the recent transition to 
compression. 

5.2.1. Tectonic analogy: San Andreas fault system. There is an analogous 
situation that has developed along the San Andreas fault system in California. One 
segment of the southern San Andreas is presently not aligned with the RM2 plate 
motions: the "great bend" segment in southern California that crosses the trans
verse ranges. There is a compressive component of motion across the strike of the 
San Andreas in this segment between Fort Tejon and San Gorgonio Pass. Two large 
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Transitional tectonics and dual-rupture mode. Schematic representation of the thrust interface develop
ment in the 1981 cluster region. Top diagram shows a vertical fault trace, the plate motion velocity vector 
(heavy arrow), and the subsequent right lateral strike-slip faulting. The middle diagram depicts the 
present-day situation in the 1981 cluster: the plate motion has shifted to oblique convergence and slip is 
also occurring on new small thrust faults. The thrust faults eventually coalesce into. a throughgoing 
thrust interface (bottom diagram) that can accommodate oblique convergence. In the mega-crack 
propagation hypothesis, the transition from the middle to bottom diagram occurs in the crack-tip region 

that propagates along the plate boundary. 
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shallow-angle thrust earthquakes have occurred along this segment, the 21 JUL 
1952 Kern County and 9 FEB 1971 San Fernando events, adjacent to the San 
Andreas fault. Yet, the largest earthquake in this region is presumably the great 
strike-slip earthquake that occurred in 1857. Thus, the oblique convergence is 
accommodated by the dual-rupture mode as observed in the MRC. Although this 
analogy cannot be pressed too far, it points out that the situation in the southern 
Puysegur trench is not an isolated occurrence and may have quite general implica
tions for other transitional tectonic environments. We will now return to the MRC 
and place the seismotectonics into a larger framework. 

6. Transitional Tectonics and Subduction Initiation 

There is a distinct discontinuity in the level of speculation between this section 
and the preceding sections of this paper. Since we will now extrapolate from the 
present-day tectonic picture and discuss the mechanisms of plate interaction, we 
must necessarily stray from our "factual" seismological realm. This paper would be 
incomplete without some discussion of this nature. The Macquarie Ridge presents 
us with a rare view of subduction initiation, hence we must take advantage of the 
opportunity and speculate on the underlying processes. Our approach will be to 
state an ad hoc "straw man" model for subduction initiation in the Puysegur trench 
environment. We then concentrate on the Hjort trench region and show that this 
environment is "controlled" by triple junction behavior, and we finish with a 
speculative account of the evolutionary history of the MRC. 

6.1. Puysegur Trench: Subduction Initiation 

The southward migration of the PAC-AUS rotation pole should impart a gradient 
in deformational style from mature to immature as we proceed from north to south. 
There is currently a compressive component of motion across South Island and the 
Alpine fault. It seems that this motion has been accommodated by broad-scale crustal 
shortening and mountain building (WALCOTT, 1978). The plate boundary switches 
to an oceanic-continental contact in the Fiordland region as the Alpine fault runs 
offshore. The intermediate-depth seismic activity beneath Fiordland presumably 
indicates that a relatively mature subduction environment now exists at the northern 
end of the MRC. Although a volcanic arc has not yet developed, perhaps the So lander 
cone just off the southern coast of South Island is a harbinger of future volcanism. 
If the Fiordland coast region is already characterized by subduction, the "leading 
edge" of subduction should be located to the south in the Puysegur region. 

6.1.1. Mega-crack propagation model. Let us assume an initial plate boundary 
configuration of a well-developed pure transform boundary (such as in the top part 
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of Figure 29). A mature subduction zone does not simply materialize just when the 
plate motion changes to a small compressive component along the established 
strike-slip trend. Based on our observations of the Puysegur trench seismotectonics, 
we propose a "straw man" model for subduction initiation that is akin to crack 
propagation: A "crack tip" region propagates along the plate boundary, and the 
velocity of propagation is similar to a plate tectonic rate. The primary function of 
the crack tip region is to organize the mosaic of small unconnected thrust fault 
planes into a large scale horizontally continuous shallow-dipping thrust interface. In 
front of the crack tip, oblique convergence is accommodated by strike-slip motion 
on the vertical fault and by lithospheric deformation along the strike slip boundary, 
possibly including small thrust earthquakes. Behind the crack tip, oblique conver
gence can be accommodated by oblique slip on the thrust interface, although the 
old vertical strike-slip fault may still be active. The final stages of competition and 
coalescence of the small thrust faults could lead to a locally high level of seismicity 
and, by analogy to crack propagation, the tectonic stress levels might be higher in 
the crack tip region which might cause high stress drop earthquakes. Note that the 
mega-crack propagation model implies that subduction does not initiate simulta
neously along the entire length of the plate boundary. 

Given the above model description, the 1981 cluster region is obviously iden
tified as the crack tip region. A relevant observation is that the 1981 cluster is just 
south of the deepest portion of the Puysegur trench with a considerable reduction 
in bathymetric contrast along the 1981 fault zone. This offers some geometric 
support for the 1981 cluster representing the "tip of the crack" that is propagating 
south. After the crack extends, via the thrusting activity in the 1981 cluster, the 
underthrusting proceeds more easily and the bathymetric trough quickly extends 
southward. Hence subduction initiation is an "unzipping action" that may actually 
lower the tectonic stress level. This model predicts that the Puysegur trench to the 
north now has a continuous thrust interface. One possible explanation of the low 
seismicity level along the deepest part of the Puysegur trench might be a transition 
to aseismic slip after formation of the new underthrusting fault plane. Another 
more ominous explanation would be that this interface now ruptures as great 
underthrusting earthquakes with long recurrence time. 

6.1.2. Objections to the mega-crack propagation model. We can immediately 
place some objections to the above simple model. One complication is the seismic 
activity at the northern end of the Puysegur trench. The mismatch between BFP* 
and the 1979 event pole line implies a missing strike-slip component of motion. If 
the region at 47°S is analogous to the 1981 region, then we should anticipate the 
occurrence of a large strike-slip earthquake in this region. The two focal mecha
nisms from the 47°S region show thrust motion, but note that previous to the 1981 
event all mechanisms in the 1981 cluster were thrust mechanisms. 

If we look at the detailed bathymetry in Figure 3, we notice that the 1979 event 
occurred just north of the deepest portion of the Puysegur trench: perhaps the 
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trench is "propagating" both south and north. This ruins the idea that subduction 
initiation has smoothly propagated south from the Fiordland coast; rather there 
would be nucleation sites from which the mega-crack propagates in both directions. 
There is however a geometric problem if the 1979 region is the tip of a mega-crack. 
Intermediate depth seismicity under South Island presumably indicates that a 
substantial length of AUS plate has been subducted at Fiordland; how can we 
explain the presence of a crack-tip next to a region of plate subduction? 

Another complication is related to the low seismicity region south of the 1981 
cluster. The proposed fault plane of the 7 JUL 1982 earthquake can be extended 
from the 1982 epicenter to the NE along the fault strike of N63°E. This extension 
intersects the 25 MAY 1981 fault trend at 50oS, just at the southern terminus of the 
1981 seismicity cluster. Thus, the high level of seismicity in the 1981 cluster may not 
extend further south because the active plate boundary is offset by a transition 
region with a lower seismicity level. Thus, the 1981 cluster might be special because 
of the transition to the McDougall trough region, rather than for being at the 
southern tip of the Puysegur trench. 

Further south along the MRC, we see the independent development of the 
McDougall trough with underthrusting to the west rather than to the east. Thus, 
the 1981 crack-tip may not be the unique locus of "unzipping" action. It is 
unknown whether the 1981 crack-tip can propagate south and switch the under
thrusting polarity in the McDougall trough. 

To conclude, the simple notion of a single crack-tip propagating southward 
certainly does not adequately explain all of the information. However, the evidence 
supports the basic premise that oblique subduction in a transitional environment is 
accommodated by the growth of new thrust faults. We cannot demonstrate that the 
mosaic of new thrust planes will eventually coalesce into a major through going 
underthrusting boundary, but how else does a subduction zone form? 

6.2. Hjort Trench: Triple Junction Subduction 

The Hjort trench exceeds a depth of 6 km for nearly 300 km along an arcuate 
trend. There is no continuous major bathymetric rise associated with this trench, 
but the bathymetry is asymmetric about the axis: young lithosphere to the west is 
shallower than the older lithosphere to the east. This bathymetric difference is most 
pronounced at the southern end and disappears at the northernmost end of the 
Hjort trench. The trench shallows to the north where the 1924 and 1965 events 
occurred, and shallows to the south. It does not extend to the PAC-ANT-AUS 
triple junction. The only focal mechanism along the Hjort trench is for the 1970 
earthquake, and this event is 350 km north of the triple junction. The basic level of 
seismicity is quite low between the 1970 event and the triple junction (see Figure 2). 

The direct evidence for subduction along this trench consists of three parts: (1) 
the shorter length of the A US magnetic lineations (WEISSEL et aI., 1977), (2) 
character of the short-wavelength geoid anomalies, and (3) the speculative focal 
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mechanism for the 1924 earthquake. Given our above conclusion that the PAC
AUS boundary follows the MRC, perhaps the most compelling evidence for 
subduction comes from considerations of the PAC-ANT-AUS triple junction. This 
leads into general discussion of the evolution of the MRC. 

6.2.1. Triple junction closure. Triple junction closure and stability greatly influ
ence plate interaction at the Hjort trench due to the proximity of the Hjort trench 
to the PAC-ANT -A US triple junction. WEISSEL et al. (1977) pointed out that the 
local condition of triple junction closure implies subduction along the Hjort trench. 
This approach leads to a prediction for the plate boundary geometry that can be 
tested. 

Based on seismicity and bathymetric features, the PAC-ANT-AUS triple junc
tion is located at 61.6°S 161°E. One of the fundamental tenets of plate tectonics is 
triple junction closure. Moreover, the condition for triple junction stability places a 
constraint on the plate boundary interaction. We will consider local velocity vectors 
based on two different sets of rotation poles: (1) RM2 poles, and (2) the "true" 
best-fitting poles discussed above (Table 3). Since both sets have been derived with 
explicit use of the triple junction closure condition, it is no surprise that the local 
velocity vectors calculated for a location of 61.6°S 16l o E sum to zero. We show the 
local velocity vectors for these two different pole sets in Figure 30. The PAC-AUS 
vector can be· regarded as the difference between two larger and roughly parallel 
vectors. Hence, small changes in the PAC-ANT and the AUS-ANT velocity vectors 
result in relatively large changes for the PAC-AUS velocity vector. The north 
trending motion of AUS relative to PAC implies convergence across a northwest 
trending boundary. To see how the convergence occurs, we must use the condition 
for triple junction stability. 

6.2.2. Triple junction stability. The condition for triple junction stability further 
constrains the plate boundary interaction. The ANT-AUS plate boundary is a 
spreading segment with approximately symmetric perpendicular spreading. While 

Table 3 

Velocity vectors at PAC-ANT-AUS triple junction for two rotation pole sets. 

RM2 BFp· 
Plate 
Pair Direction Rate (cm y-I) Direction Rate (cm y-I) 

AUS-ANT S26°E 6.20 S28°E 6.65 
ANT-PAC N34°W 4.82 N35°W 4.78 
PAC-AUS N2°W 1.55 NlOoW 2.00 

Triple junction location is 61.6°S 161.00E. Velocity vectors give motion of the second plate relative 
to the first plate. 



Figure 30 
Triple junction closure and stability. For the PAC-ANT-AUS triple junction at 61!oS l6l oE, (a) and (b) 
show the velocity vector closure for two sets of rotation poles, RM2 and BFP (listed in Table 3). Velocity 
scale and north arrow are shown. The BFP vector diagram is repeated in (c) and (d), north direction is 
the same but velocity vectors are drawn at half-scale. The triple junction point, T, must plot in velocity 
space along the dashed lines: (c) shows the case for AUS subducting beneath PAC with a subduction 
zone strike of N3SOW, plate configuration is shown to the right; (d) shows the case for PAC subducting 

beneath AUS with a subduction zone strike of N20oW. 

the PAC-ANT boundary might be a leaky transform, we will treat it as a pure 
transform for now. These two plate boundary descriptions place the intersection for 
a stable triple point along the PAC-ANT vector (Figure 30). There are two possible 
stable orientations for the subduction zone along the PAC-AUS boundary: (I) AUS 
subducts beneath PAC and the subduction zone strike is the same as the PAC-ANT 
transform strike, and (2) PAC subducts beneath AUS and the subduction zone 
strike is intermediate to the PAC-ANT transform and PAC-AUS plate motion 
strikes. Thus, a simple measurement of the local strike of the PAC-AUS plate 
boundary provides a strong check on the polarity of subduction. There is a problem 
however, the Hjort trench does not extend to the triple junction. There is a 200 km 
gap between the southernmost Hjort trench and the triple junction, and this region 
is devoid of well defined linear bathymetric features. Recall that the local strike of 
Hjort trench in the 1970 earthquake region is N20oW, and the Hjort trench strike 
clearly rotates to a more westerly strike to the south. Although it cannot be 
measured with great precision, it appears that the strike of the southernmost Hjort 
trench falls in the range of N30-45°W as the trench curvature seems to increase as 
it shallows. A line between the triple junction and the 1970 earthquake location 
gives a strike of N34°W; this is in excellent agreement with the predicted value of 
N35°W in Figure 30c. This interpolation implies that the present day plate motions 
are applicable over this 350 km projection of the plate boundary. Given the 
present-day migration rate of 1.5 cm/yr for T relative to PAC (see Figure 30c), it 
would take more than 20 Ma for the triple junction to migrate from the 1970 event 
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location to its present position. The PAC-ANT rotation pole has shifted in this time 
period, thus the above correspondence may not be diagnostic of polarity. Another 
possible interpolation is over a 250 km projection to the southernmost tip of the 
Hjort trench; due to the curvature in the southernmost Hjort trench, this measure
ment gives a strike of N20oW. This latter measurement seems preferable to the 
former as the interpolation distance is smaller, but the consequence is that now the 
PAC plate subducts beneath the AUS plate! If this latter conclusion is true for the 
250 km plate boundary segment adjacent to the triple junction, could the polarity of 
subduction then switch at the Hjort trench? 

Before we make fine distinctions concerning the PAC-AUS plate boundary, we 
should consider the effect of a leaky transform along the PAC-ANT boundary. 
Although it is difficult to discern the plate tectonic elements just south of the triple 
junction, the low-level seismicity has a trend of about N700W over a distance of 
300 km. If we approximate the PAC-ANT boundary as a leaky transform with 
highly oblique spreading along this trend, the triple junction point in Figure 30c 
moves off the PAC-ANT velocity vector to a location slightly to the west. This 
causes the strike of the PAC-AUS subduction zone to rotate toward a more 
northerly strike; we could easily select the parameters to obtain a strike of N200W 
for the AUS plate subducting beneath PAC. 

In conclusion, convergence is occurring along the PAC-AUS boundary north of 
the triple junction. Given the poor definition of both the PAC-AUS and PAC-ANT 
plate boundary segments, we cannot determine whether the AUS plate subducts 
beneath the PAC plate, or vice versa, or both. Thus it is difficult to decipher the 
nature of subduction initiation along the plate boundary segment between the triple 
junction and the southernmost Hjort trench. In any event, the aseismic nature of 
this segment implies that a mega-crack propagation model for subduction initation 
is not appropriate for this tectonic regime. The next section further examines the 
recent tectonic history of the Hjort trench by using additional information and 
arguments. 

6.2.3. Triple junction evolution: southern Hjort trench. The triple junction stabil
ity condition can be used to obtain a view of the recent evolution of the triple 
junction region. As already mentioned, the average strike between the triple 
junction and the midpoint of the Hjort trench is N34°W, which is consistent with 
the AUS plate subducting at the Hjort trench. More evidence for the subduction of 
the AUS plate is based on evolution of the ANT-AUS spreading segment (see 
WEISSEL et al., 1977). Referring to the triple junction plots in Figure 30, it is clear 
that regardless of the details of the PAC-ANT and PAC-AUS boundaries, the 
ANT -A US spreading ridge segment that lies between the Balleny fracture zone and 
the triple junction will become shorter with time, i.e., the T point is to the west of 
the ANT-A US velocity vector. Thus, the AUS plate created a few million years ago 
will have a greater length between the Balleny fracture zone and the plate edge than 
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the present-day length of the spreading ridge segment. In fact, the width of the AUS 
plate measured perpendicular to the Balleny fracture zone decreases to a minimum 
value at the Hjort trench midpoint. This is not surprising given our previous 
measurement of a N34°W trend from the triple junction to the Hjort trench 
midpoint while the Balleny fracture zone follows a trend of N22°W. Part of the 
AUS plate is located to the east of the southern Hjort trench. Recall that the 
bathymetric difference across the southern Hjort trench indicates that the Hjort 
trench is the edge of the Pacific plate. Thus, part of the AUS plate has been 
subducted at the Hjort trench. 

Triple junction interaction is important for the entire MRC, however the simple 
extrapolation used for the southern Hjort trench will not be valid further north due 
to significant changes in plate motions and geometry. We now discuss triple 
junction evolution over an extended time and distance; and thus enter a more 
speculative arena. 

6.3. Triple Junction Evolution: Origin of the Macquarie Ridge Complex 

We use three key assumptions to extrapolate the PAC-ANT-AUS triple junction 
interaction: (1) the AUS-ANT plate motion has remained relatively constant during 
the formation of the AUS plate along the MRC (i.e., the "Tasman spur"), (2) the 
PAC-ANT-AUS triple junction has continuously migrated southward from South 
Island to its present location, and (3) the present-day MRC records the geometry 
of the PAC-AUS plate boundary at the time of triple junction interaction. The first 
assumption is supported by the magnetic lineations as reported in WEISSEL et al. 
(1977). Thus, the ANT-AUS velocity vector remains constant while the other two 
vectors vary with time (see Figure 31). Assumptions (2) and (3) arise from 
considerations of the plate geometry and triple junction closure diagram. If the 
PAC-ANT and ANT-AUS velocity vectors trend in the same basic direction, then 
the triple junction will migrate south relative to the PAC plate if the PAC-ANT rate 
is more than about half the ANT-AUS rate at the triple junction. Also, the sense 
of strike-slip displacement component along the PAC-AUS boundary will be right 
lateral as long as the PAC-ANT rate (rpAC.ANT, magnitude of the PAC-ANT 
velocity vector at the triple junction) is less than the ANT-AUS rate (rANT-AUS, 

similar definition). Thus, by imposing the rate constraint: ! < (rpAC-ANTI 

rANT-AUS) < 1, we ensure the southern migration of the triple junction with respect 
to PAC, and right lateral strike-slip along the MRC. 

Whether the PAC-AUS boundary has a convergent or divergent component 
depends on whether the PAC-ANT vector strikes to the east or west of the 
ANT-A US vector. Figure 31 shows the field of allowed PAC-ANT velocity vectors. 
To obtain the location of the triple junction point in velocity space, we must make 
assumptions concerning the nature of the PAC-ANT and PAC-AUS plate 
boundaries. We assume that the PAC-ANT plate boundary has been a transform or 
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Triple junction evolution and Macquarie Ridge formation. Diagram on left (a) is a velocity vector 
diagram for the PAC-ANT-AUS triple junction. ANT-AUS plate motion is taken to be constant 
throughout Macquarie Ridge formation. The PAC-ANT vector can plot anywhere in the hatched 
region, two possible vectors are drawn (PAC. and PAC2). The PAC-AUS velocity vector is then 
determined as the difference vector. The PAC-AUS boundary is a "soft" boundary that accommodates 
the mismatch between the ANT-AUS and PAC-ANT motions. If the PAC-ANT vector plots to the east 
of the ANT-AUS vector (e.g., PAC.), then the PAC-AUS boundary will have a divergent component 
(b). The diagrams to the right (c and d) depict the evolution of the triple junction region for this 
example. Note that the PAC-AUS boundary is a leaky transform that strikes N·NE and that the 
ANT-AUS spreading segment shortens with time. The basic geometry of the Macquarie Ridge plate 
boundary (MRC) can be explained by triple junction evolution changing the PAC-AUS boundary from 
a divergent state to the present-day convergent state (e.g., PAC2). This switch occurs as the PAC-ANT 
velocity vector slowly rotates to a more westerly strike, relative to ANT-AUS motion, at the migrating 

triple junction. 

a leaky transform. Note that most of the MRC lies just west of the Campbell 
plateau, and it therefore seems unlikely that a major PAC-ANT spreading segment 
has occupied the space between the MRC and the Campbell plateau. The basic 
geometry of the MRC can be produced by assuming that the PAC-AUS boundary 
was originally in a divergent state (as suggested by MOLNAR et al., 1975), and the 
PAC-ANT velocity vector slowly rotated to impart a convergent component. For 
the divergent MRC environment, we can always find a combination of leaky 
transforms for the PAC-AUS and PAC-ANT boundaries that give a stable triple 
point. Given the erosion of the ANT-AUS spreading segment through time, the 
triple point should be located to the west of the ANT-AUS vector. Leaky 
transforms along the PAC-AUS and PAC-ANT boundaries could feed off the 
primary ANT-AUS spreading segment. As shown in Figure 31, the PAC-A US leaky 
transform can strike to the northeast, i.e., the trend for the present-day northern 
and central MRC. Recall that the local strike of the Hjort trench in the 1970 region 
is about N20oW; this could mark the location of the triple junction at the crossover 
time when the PAC-ANT velocity vector rotated to the west of the ANT-AUS 
vector at the triple junction. After the crossover time, the plate boundary segment 
immediately north of the triple junction would be a convergent boundary. This 
implies that only the southern Hjort trench region was formed originally as a 
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convergent plate boundary, while the other parts have evolved from a leaky trans
form to a convergent region. This lends circumstantial support to the notion that 
the small thrust faults in the northern MRC represent new breaks in the lithosphere. 

6.4. Macquarie Ridge Complex: A "Soft" Plate Boundary 

The MRC plate boundary has evolved at the junction of two major spreading 
systems. The PAC-ANT spreading system reorganized when Australia rifted from 
Antarctica. In particular, the Tasman Sea spreading stopped, and the PAC-ANT 
system linked up with the AUS-ANT system. These two spreading systems are not 
perfectly "matched" in terms of their spreading direction and rate. The PAC-AUS 
boundary along the MRC has served to accommodate this mismatch. 

To take a more global view, the major spreading systems are currently con
nected as a single sinuous strand. However, many of these spreading systems 
originally developed somewhat independent of each other. If the major spreading 
systems retain their rotation poles, i.e., their fracture zones fall along consistent 
small circles, then there must be some conflict in the local plate motions at the 
junction between two of these spreading systems. A third plate boundary is clearly 
required at this junction; this third boundary is a "soft" boundary in that it 
accommodates the mismatch in the motion of the other two spreading center 
boundaries. The motion across the "soft" boundary changes as necessary for triple 
junction closure and stability (see Figure 32). In general, the velocity vectors for the 

Figure 32 
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Schematic development of a "soft" plate boundary to accommodate mismatch between two major 
spreading systems. The diagrams sketch the global-scale tectonic features at three stages. The initial 
situation is depicted at left, one oceanic spreading system separates plates A and B, while the other 
system will fragment the continent into plates C and D. At a later time in the middle diagram, the 
continent has fragmented but the connection between the two systems is immature, perhaps there are still 
four plates with two auxiliary plate boundaries (dashed). In the evolved three-plate configuration at 
right, plates Band D are now fused, and the two major spreading systems continue their activity with 
the "soft" boundary absorbing the mismatch. The rotation pole (PAd for the "soft" boundary is located 

close to the triple junction. Subduction initiation can easily occur along the "soft" plate boundary. 
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two spreading boundaries at the triple junction will change with time. Thus, the 
"soft" velocity vector must be capable of changing to keep up with the evolution. 
If the velocity vectors (at the triple junction) for the two major boundaries are 
almost "matched", i.e., nearly parallel with comparable rates, then the magnitude of 
the velocity vector for the "soft" boundary is small and the direction of motion may 
change rather quickly. The "soft" boundary can easily serve this function if its 
rotation pole follows close to the triple junction. In this case, small changes in the 
pole location can readily change the direction of the velocity vector at the triple 
junction, yet these pole changes will not greatly affect the tectonic environments far 
from the triple junction along the "soft" boundary, e.g., for the case of the 
PAC-AUS "soft" boundary, we do not want to switch from subduction to 
spreading at the Kermadec trench in a few million years. Thus, the migration of the 
PAC-AUS rotation pole is simply a consequence of the pole following the triple 
junction as it migrates south. 

Subduction initiation at the triple junction has occurred along the southernmost 
Hjort trench simply because the slow migration of the triple junction and the 
PAC-ANT pole places the "soft" PAC-AUS boundary in a convergent state at the 
triple junction. Subduction initiation to the north at the Puysegur trench is due not 
only to the migration of the PAC-ANT pole relative to the PAC-AUS pole, but 
also to the northward transport of the Puysegur trench region by the spreading 
systems. 

6.4.1. Predictions for other "soft" plate boundaries. The above described cir
cumstances that require a "soft" boundary are quite general. Hence we expect to 
see other "soft" plate boundaries as offshoots along the major spreading systems. 
Given a triple junction with at least two spreading segments, our prediction is that 
the rotation pole for the "soft" boundary should be located close to the triple 
junction. Indeed there are several candidates for "soft" boundaries: the Eurasia
Africa plate boundary may be the "soft" boundary between the north and central 
Atlantic spreading segments; the Nazca-Cocos plate boundary may be a "soft" 
boundary for the Pacific spreading ridge; and the India-Arabia plate boundary 
may be the "soft" boundary for spreading systems in the Indian Ocean and Gulf 
of Aden. The implication is that the connection and evolution of the major 
spreading systems can generate secondary spreading segments or initiate subduc
tion as the need arises. Placed in this context, subduction initiation does not 
present a major obstacle to plate boundary evolution. Perhaps an efficient mecha
nism such as mega-crack propagation makes subduction initiation a common 
tectonic process. A newly initiated subduction zone can develop into a major 
subduction zone as it continues to move away from the triple junction. Perhaps 
there is a threshold at which the new subduction zone changes from a "soft" to 
"hard" boundary. 
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7. Conclusions 

It is difficult to simply list the conclusions of this paper due to the gradient in 
scientific style from our detailed investigation of the 1981 earthquake to our 
global-scale speculations. Hence, we group our primary conclusions into three 
categories: strong, moderate, and weak. 

Strong conclusions: The PAC-AUS plate boundary coincides with the MRC. Our 
study of the largest earthquakes in the MRC finds a combination of right lateral 
strike-slip and thrust earthquakes along the MRC, and the overall sense of motion 
is consistent with the BFP* rotation pole located on the basis of triple junction 
closure with the well determined BFP's for the PAC-ANT and AUS-ANT plate 
boundaries. Oblique convergence in the southern Puysegur trench is accommodated 
by a dual-rupture mode: a large strike-slip earthquake on vertical fault plane and 
smaller thrust earthquakes on shallow-dipping fault planes that are not continuous. 

Moderate conclusions: A subduction initiation model applicable to the Puysegur 
trench region uses the basic idea of a propagating crack. The crack tip region 
separates a disjointed mosaic of small thrust faults in front of the crack tip from a 
through-going single thrust interface behind the crack tip. The 1981 cluster is 
identified as the crack tip region. The tectonics in the Hjort trench region are 
dominated by triple junction behavior and the PAC-AUS boundary to the north of 
the triple junction presently evolves as a convergent boundary. The subduction 
initiation process with newly created lithosphere is apparently aseismic. 

Weak conclusions: The MRC is a "soft" plate boundary that accommodates the 
mismatch between the PAC-ANT and ANT-AUS spreading ridge systems. Soft 
boundaries are necessary to connect the major spreading systems. Apparently, two 
spreading systems can easily initiate a new subduction zone. 

Many of our interpretations are based on the basic principles of pIa te tectonics. 
It is well-known that: triple junctions will evolve; rotation poles migrate in a 
three-plate system; and that subduction initiation must somehow occur. The novelty 
of our development is not in the description of a specific history for the MRC, but 
rather in the speculation on the controlling factors and processes. For example, we 
have ventured beyond the kinematic fact that subduction initiation must occur and 
have proposed the mega-crack propagation model to initiate subduction. In addi
tion, the concept of a "soft" third boundary to help connect two major spreading 
systems implies that new subduction zones can be readily created by the "hard" 
boundaries of major spreading systems. The interpretations and conclusions of this 
paper are non unique; different investigators may use the same information pre
sented above and arrive at different conclusions. However, the importance of the 
MRC tectonic setting will remain. The Macquarie Ridge complex displays spatial 
and temporal gradients of plate boundary interaction, and thus represents a natural 
laboratory for the study of plate boundary evolution and subduction initiation. 
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Seismicity Update: Another magnitude 7 event has occurred in the MRC: 3 SEP 
1987, 6:40:13.9, 58.9°S 158SE, Ms = 7.3. This location is quite close to the 1970 
Hjort trench event. The best double couple from the Harvard CMT solution has a 
fault strike of 155°, dip of 69°, and rake of 188°-right lateral strike-slip along a 
trend of N25°W, close to the NI4°W fault strike of the 1970 event. The Harvard 
CMT solution for a large (Ms = 6.8) aftershock shows a substantial thrust compo
nent-another example of the curious dual rupture mode along the MRC. 
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Estimation of Strong Ground Motions from Hypothetical 
Earthquakes on the Cascadia Subduction Zone, Pacific Northwest 

THOMAS H. HEATON! and STEPHEN H. HARTZELL l 

Abstract-Strong ground motions are estimated for the Pacific Northwest assuming that large 
shallow earthquakes, similar to those experienced in southern Chile, southwestern Japan, and Colombia, 
may also occur on the Cascadia subduction zone. Fifty-six strong motion recordings for twenty-five 
subduction earthquakes of Ms ;:., 7.0 are used to estimate the response spectra that may result from 
earthquakes Mw < 8~. Large variations in observed ground motion levels are noted for a given site 
distance and earthquake magnitude. When compared with motions that have been observed in the 
western United States, large subduction zone earthquakes produce relatively large ground motions at 
surprisingly large distances. An earthquake similar to the 22 May 1960 Chilean earthquake (Mw 9.5) is 
the largest event that is considered to be plausible for the Cascadia subduction zone. This event has a 
moment which is two orders of magnitude larger than the largest earthquake for which we have strong 
motion records. The empirical Green's function technique is used to synthesize strong ground motions 
for such giant earthquakes. Observed teleseismic P-waveforms from giant earthquakes are also modeled 
using the empirical Green's function technique in order to constrain model parameters. The teleseismic 
modeling in the period range of 1.0 to 50 sec strongly suggests that fewer Green's functions should be 
randGmly summed than is required to match the long-period moments of giant earthquakes. It appears 
that a large portion of the moment associated with giant earthquakes occurs at very long periods that 
are outside the frequency band of interest for strong ground motions. Nevertheless, the occurrence of a 
giant earthquake in the Pacific Northwest may produce quite strong shaking over a very large region. 

Key words: Earthquake, strong motion, subduction, Cascadia, Washington, Oregon. 

Introduction 

This is the last in a sequence of papers that lead to estimates of the type of 

ground motions that might be caused by earthquakes on the Cascadia subduction 

zone. HEATON and KANAMORI (1984) compared physical characteristics of many 

world-wide subduction zones and concluded that the Cascadia subduction zone is 

similar to other subduction zones with strong seismic coupling. HEATON and 

HARTZELL (1986) extended those studies and concluded that the Cascadia subduc

tion zone is most similar to the subduction zones of southern Chile, southwestern 

Japan, and Colombia; each of which have experienced sequences of very large 
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shallow subduction earthquakes. HEATON and HARTZELL (1986) also presented 
several hypothetical earthquake sequences that may be plausible for the Cascadia 
subduction zone. HARTZELL and HEATON (1985) compared the nature of the time 
history of energy release for large subduction earthquakes by studying broad-band 
teleseismic P-wavetrains from sixty of the largest events in the last fifty years. This 
survey gave insight to the variation in source parameters and shorter-period 
radiated energy (2 to 50 sec) for earthquakes from different subduction zones. More 
informed judgements could then be made concerning the use of available strong 
motion data from world-wide subduction zones to predict the ground motion at a 
specific site. In this paper, we present estimates for the strong ground motions that 
might be expected if large subduction earthquakes do occur on the Cascadia 
subduction zone. 

We assume that gap-filling earthquake sequences that are similar to those 
already observed in southern Chile, southwestern Japan, and Colombia may also 
occur in the northwestern United States. The largest earthquakes in these sequences 
range in size from Mw 8 to Mw 9~. Strong ground motion records are available for 
shallow subduction earthquakes as large as M w 8.2, but strong ground motions 
have not yet been recorded for larger events. In this study, we assume that ground 
motions from M w 8 earthquakes on the Cascadia subduction zone are not systemat
ically different from the motions that have been recorded during M w 8 earthquakes 
on other subduction zones. Although the comparison of teleseismic P-waves from 
large shallow subduction earthquakes on differing subduction zones (HARTZELL 
and HEATON, 1985) indicates that there is a great variability between earthquakes 
in the time histories of energy release, no obvious systematic pattern could be 
recognized that would suggest inherent differences in the nature of energy release 
from earthquakes at subduction zones that are similar to the Cascadia subduction 
zone. For hypothetical earthquakes of Mw less than 8i, our approach is to simply 
collect and categorize existing ground motion records according to earthquake size 
and site distance. We then create a suite of ground motions that have been recorded 
under conditions similar to those existing at a site for which ground motion 
estimates are desired. Motions within the suite are scaled to account for variations 
in earthquake size and site distance. This procedure is similar to that described by 
GUZMAN and JENNINGS (1976) and also HEATON et al. (1986). 

As discussed by HEATON and HARTZELL (1986), there are several similarities 
between the Cascadia and southern Chile subduction zones. The 1960 Chilean 
earthquake (Mw 9.5) is thought to be the largest earthquake of this century 
(KANAMORI, 1977); it is also the largest event which we consider to be feasible in 
the northwestern United States. Estimation of strong ground motions for the 1960 
earthquake is necessarily problematic since its seismic moment is approximately one 
hundred times that of the largest earthquake for which strong ground motions have 
been recorded. In order to obtain some estimate of the nature of shaking from 
such giant earthquakes, we employ the empirical Green's function technique 
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(HARTZELL, 1978, 1985; KANAMORI, 1979; IRIKURA, 1983; HOUSTON and 
KANAMORI, 1986). That is, we model a giant earthquake as a summation of smaller 
earthquakes for which we have ground motion records. Unfortunately, there are 
many poorly justified assumptions that are required in the application of this 
technique. We use teleseismic P-wave recordings, of both the earthquakes that we 
wish to model and the earthquakes for which we have strong motion recordings, to 
help constrain model assumptions. 

Strong Motion Estimates for Earthquakes of Mw < ~ 

Fifty-six recordings of strong ground motion from twenty-five shallow subduc
tion earthquakes of Mw ~ 7.0 were collected for this study. Figures AI-A20 in 
Appendix A show the locations of recording sites relative to aftershock zones, the 
time histories of one component of horizontal ground acceleration and velocity for 
each recording, and the time histories of the mainshock moment release as inferred 
from teleseismic body waves by HARTZELL and HEATON (1985). These figures only 
briefly summarize this important data set; more detailed descriptions of the nature 
of each earthquake and the geologic setting of each recording site would undoubt
edly allow us to rank the significance of individual records in our study of the 
Pacific Northwest. 

There are several notable features in the figures in Appendix A. In most cases, 
the recordings sites are at vast distances from the earthquakes when compared with 
the strong II\otions data set recorded in the western United States. For instance, we 
do not know of any western U.S. records having site distances of over 150 km and 
peak accelerations of over 0.05G. However, this situation is fairly common in the 
figures in Appendix A. HEATON et al. (1986) conclude that the distribution of peak 
values of ground motion observed in Japan is quite different from that observed in 
the western U.S. Although the very largest ground motions have been observed at 
relatively close distances in the western U.S., impressively large motions have been 
recorded at distances of 100 km and more in Japan. HEATON et al. (1986) conclude 
that a major reason for this difference is simply due to differences in station 
distributions and earthquake sizes. That is, there have been many near-source 
recordings of moderate-sized U.S. earthquakes, but earthquakes of M > 7 have 
been rare. In contrast, there are numerous recordings of large Japanese earth
quakes, but very near-source records are rare. 

Every record in Appendix A is plotted on a common time scale which is quite 
compact so that these long-duration records fit within the confines of the figures. 
Although these ground motion records may, at first, appear to be very high 
frequency, a closer inspection shows that many of the ground accelerations records 
are dominated by frequencies of less than several hertz. 

Comparison of the strong ground motions with the teleseismic time functions of 
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HARTZELL and HEATON (1985) gives somewhat inconsistent results. In some cases, 
there is fairly good correspondence between envelopes of the strong motion 
recordings and the envelope of the teleseismic time function. For example, the 1968 
Hyuganada earthquake and the 1978 Miyagi-Oki earthquake both have relatively 
simple and short duration accelerograms and teleseismic time functions. Further
more, the 1968 Tokachi-Oki earthquake, the 1979 S1. Elias earthquake, and the 
1983 Akita-Oki earthquake all have more complex teleseismic time functions whose 
envelopes are comparable to the envelopes of their strong motion recordings. These 
examples indicate that teleseismic records can be used to infer the overall duration 
and complexity of large earthquakes. Unfortunately, there are also examples where 
there is clearly no correlation between the teleseismic time function and the 
recorded strong ground motion; the 1968 Iwate-Oki earthquake, the 1973 Nemuro
Oki earthquake, and the 1966 Peruvian earthquake all have teleseismic time 
functions that are considerably longer than the observed strong ground motions. 
Without more detailed study of these earthquakes and local site effects, we can only 
speculate on the causes of the discrepancies between the strong motion records and 
the teleseismic time functions. HARTZELL and HEATON (1985) show that their time 
functions are very complex when they are derived from stations that are near 
theoretical body wave nodes. Problems of this type are undoubtedly present in some 
of the teleseismic time functions shown in Appendix A. However, despite the poor 
comparison of the teleseismic time function and the strong ground motion for the 
1973 Nemuro-Oki earthquake, the teleseismic time function of HARTZELL and 
HEATON (1985) compares well with the teleseismic time function that KIKUCHI and 
FUKAO (1987) derived for this earthquake using an entirely independent set of 
teleseismic P-waveforms. We believe that these comparisons demonstrate that the 
teleseismic time functions provide useful estimates of the source duration and 
complexity as observed in the near-source region. However, there are also inconsis
tencies in these comparisons and one should be careful not to overinterpret the 
teleseismic time functions of HARTZELL and HEATON (1986). 

In Figure 1, we show the response spectra of all of the horizontal components 
of ground motion for the records presented in Appendix A. The spectra are grouped 
according to earthquake size and the distance of the recording sites from the 
earthquakes. Of course, earthquakes are described by a complex 3-dimensional 
rupture surface and the definition of distance is necessarily ambiguous. For 
simplicity, we use the epicentral distance. However, because of the large fault 
dimensions of the 1968 Tokachi-Oki earthquake, we choose to measure distance 
from a point that is more central to the rupture surface than the epicenter is. This 
point is shown in Appendix A. 

One of the most striking features of Figure 1 is the large degree of scatter in the 
spectra for ground motions observed at similar distances and from similar sized 
earthquakes. This scatter is quite troublesome when one is confronted with the 
problem of estimating the ground motions that a particular site may experience. 
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Figure I 

135 

Pseudo-velocity response spectra (5% damped) of horizontal components of ground motion from large 
shallow subduction earthquakes. Time histories of one of the components are shown in Appendix A. The 
spectra from earthquakes of 7.0';; M w ,;; 7.5 are shown above and spectra from earthquakes of 
7.6,;; M w ,;; 8.2 are shown below. The spectra are further segregrated by site distance: a) 50 to 100 km, 

b) 101 to 140 km, c) 151 to 200 km, d) 201 to 250 km. and e) 251 to 300 km. 
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Even if the earthquake magnitude and distance is known (and it usually is not), the 
resulting ground motions are uncertain by more than a factor of ten. In many 
respects, the uncertainties arising from this scatter are larger than those in estimat
ing the earthquake magnitude or distance. This problem is not restricted to this data 
set; strong ground motions recorded in the western United States are plagued by 
scatter of similar magnitude (HEATON et al., 1986). 

Is there some other way to regroup these records so that more certain estimates 
of ground motion can be obtained at a particular site? TRIFUNAC (1976) and 
JOYNER and BOORE (1982) present convincing evidence that lower frequency (less 
than 2 Hz) ground motions are systematically larger, by about a factor of two, at 
soil sites than at rock sites for ground motions recorded in the western United 
States. Higher frequency ground motions, however, show no significant correlation 
with site conditions. KAWASHIMA et al. (1984) report similar conclusions for 
ground motions from earthquakes of less than M 7 in Japan. They also report that 
soft soil sites experience low-frequency (less than 1 Hz) ground motions of about 
four times that of rock sites. LIU and HEATON (1984) suggest that the larger ground 
motions observed at soft sites result from the excitation of surface waves within 
basins on which soft sites usually sit. 

In Figure 2, we compare response spectra that are obtained from a variety of 
earthquakes that are recorded at the same site. It is clear that the characteristics of 
the motion observed at a particular site are very similar from one earthquake to 
another and can dominate the source effects. Although site effects can sometimes be 
anticipated using simple models of plane body waves in horizontally layered media, 
there are undoubtedly important effects from complex three-dimensional geologic 
structures such as basins (LIU and HEATON, 1984). One promising technique for 
recognizing the effect of the recording site on strong gound motions is to record and 
analyze the weak motions from smaller earthquakes. Similar transmission effects 
should be seen in both strong and weak ground motions. 

Of course, the details of the earthquake rupture process also affect the character
istics of strong ground motion. Directivity, fault finiteness, and slip distribution 
must control the overall characteristics of strong ground motion. Although signifi
cant peaks in response spectra are probably caused by reverberations within some 
geometrically regular velocity structure, the partition of energy in different fre
quency bands may be strongly affected by the nature of the rupture process. 
CROUSE et al. (1988) investigate response spectra from shallow earthquakes in 
seven different subduction zones and they conclude that, for the most part, 
systematic differences are not seen from one zone to another. However, they do 
present evidence that motions recorded in Peru/northern Chile and New Britain/ 
Bougainville regions were significantly smaller than other zones in the period 
range from 1 to 3 seconds. Although source characteristics may be important, 
they are very difficult to anticipate for design purposes. Transmission effects are 
also clearly important and may be quite complex. However, to some degree 
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they can be anticipated through the study of weak ground motions from smaller 
earthquakes. 

In Figure 3, we compare the smoothed response spectra that are the averages of 
the spectra in each of the distance and magnitude ranges presented in Figure 1. The 
average spectra were obtained by taking the average of the logarithmic values. 
Tables 1 and 2 give spectral velocities and standard deviations for these averaged 
spectra at selected periods. Although the large scatter in the data makes even these 
smoothed, average spectra appear to be somewhat chaotic functions of distance and 
magnitude, some general trends can be seen. At periods of less than 0.3 seconds, 
spectral velocities from magnitude 7.6 to 8.2 earthquakes are not significantly 
greater than those from magnitude 7.0 to 7.5 earthquakes. However, at periods 
greater than 1.0 seconds, the larger earthquakes are clearly associated with larger 
spectral velocities. Curiously, spectral velocities in the closest distance range, 50 to 
100 km, do not seem significantly larger than those at distances from 101 to 150 km. 
However, the scatter in this data set is so large, that this observation may not be 
significant. 

KAWASHIMA et af. (1984) and CROUSE et af. (1988) have both applied multiple 
regression analyses to response spectra from earthquakes at convergent plate 
boundaries (principally from Japan). In addition to considering ground motions 
from the large earthquakes included in this study, they also considered ground 
motions from earthquakes as small as M 5.0. Since their regression analyses 
presume that the motions can be characterized by smooth monotonic functions of 
distance and magnitude, the estimation of ground motions using their formulae 
does not lead to such apparent paradoxes as having the motions increa~e with 
distance as they sometimes do in Figure 3. Of course, a price is paid for this 
aesthetically pleasing smoothness. Ground motion predictions, particularly for 
magnitudes and distances near the end members of the data set, depend upon the 
specific functional forms chosen and upon data taken at other magnitudes and 
distances. 

A comparison of ground motions predicted by the formulae of KAWASHIMA et 
af. (1984) and CROUSE et af. (1988) with the logarithmic averages of the data in this 
report is found in Tables 1 and 2. Ground motion predictions for shallow crustal 
earthquakes in the western United States are also given for comparison (JOYNER 
and BOORE, 1981; JOYNER and BOORE, 1982). In Figure 4, we compare the 
predicted ground motions of KAWASHIMA et af. (1984) with those for the western 
United States for earthquakes of Mw 7.9. The ground motions predicted for 
subduction earthquakes are dramatically larger than those for the western United 
States, at least at distances greater than 50 km. Unfortunately, the western United 
States curves are uncertain since there have been no strong motion recordings from 
earthquakes of this size in the western United States and these curves are extrapo
lations outside of the data. Curiously, peak ground accelerations and velocities for 
earthquakes of magnitude less than 7 are not dramatically different for Japanese 
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Pseudo-velocity response spectra (5% damped) of horizontal components of ground motion grouped by 
recording site. 
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Table I 

Magnitude 7.0 to 7.5. 

Observed, This Study 
50--100 km 101-150 km 151-200 km 201-250 km 251-300 km 

Omax (em/sec2) C92) C47) C04) el.) e6
) 

230. 161. 66. 43. 39. 
135. 105. 42. 20. 23. 

U max (em/sec) (44.0) C1.6) (10.9) C·8
) C·3) 19.0 12.2 6.5 3.6 3.1 

8.2 6.9 3.9 2.2 1.8 

C3.1) C·2) C'5) (1.7) (1.3) Umax (em) 5.2 2.9 1.7 0.9 0.7 
2.0 1.6 1.2 0.5 0.4 

PSV (0.1) em/sec 5.1 e·6) 3.0 
3.9 e·O

) 2.5 
1.3 C'I) 0.7 

0.9 C·O) 
0.4 

0.9 (1.3) 0.6 

C2.7) C6.5) C2.7) e·7) e·3) PSV (0.3) em/sec 17.9 17.1 8.0 4.9 5.0 
9.8 11.0 5.0 2.7 3.0 

PSV (1.0) em/sec 23.0 C2.l) 
7.3 

16.4 C5.7) 
7.6 

16.1 C7.4) 
9.5 

5.9 CO.8) 
3.3 

5.1 C1.9) 
2.2 

C5.6) C5.3) e.4) C6) e· l) PSV (3.0) em/sec 14.6 8.7 6.2 4.4 4.4 
6.0 5.0 4.5 2.5 2.4 

Co.O) C°.2) C·3) e·2
) 

(6.8) PSV (10.0) em/sec 13.6 6.1 4.0 3.4 4.3 
6.2 3.7 3.0 1.9 2.7 

CROUSE, Depth = 30 km, M 7.25 
75km 125km 175km 225km 275km 

PSV (0.1) em/sec 2.4 1.6 1.3 1.0 0.9 
PSV (0.3) em/sec 11.7 7.7 5.6 4.4 3.5 
PSV (1.0) em/sec 18.9 12.6 9.3 7.3 6.0 
PSV (3.0) em/sec 11.5 7.6 5.6 4.4 3.6 

KAWASHIMA, M 7.25 
o max (em/see2) 149.2 92.8 66.0 50.6 40.7 
U max (em/sec) 12.5 7.7 5.5 4.2 3.4 
Umax (em) 2.3 1.4 1.0 0.7 0.6 
PSV (0.1) em/sec 4.4 2.8 2.0 1.5 1.3 
PSV (0.3) em/sec 16.8 10.6 7.6 5.9 4.8 
PSV (1.0) em/sec 31.3 19.8 14.2 11.0 8.9 
PSV (3.0) em/sec 12.7 8.0 5.8 4.4 3.6 

JOYNER and BOORE, M 7.25 
Omax (em/sec2) 51.0 22.9 12.2 7.1 4.3 
U max (em/sec) 9.5 4.2 2.2 1.3 0.78 
PSV (0.1) em/sec l.l 0.3 0.1 0.03 0.01 
PSV (0.3) em/sec 4.4 1.4 0.5 0.2 0.09 
PSV (1.0) em/sec 10.4 3.8 1.6 0.7 0.4 
PSV (3.0) em/sec 17.5 10.5 7.4 5.8 4.7 

( ) = ± one standard deviation. 
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Table 2 

Magnitude 7.6 to 8.2. 

Observed, This Study 
50-100km 101-150 km 151-200 km 201-250 km 251-300 km 

Umax (em/sw) C33) C89) CO2) C62) C7) 144. 199. 108. 104. 47. 
89. 137. 57. 41. 39. 

Umax (em/sec) C8.3) e2.8) C6.8) 14.7 C8.3) C"7) 18.5 18.5 17.2 5.0 
12.0 8.0 8.1 7.6 4.3 

C°.2) C8.0) C4.1) C3.1) C.4) Umax (em) 6.7 7.8 8.9 5.3 1.0 
4.4 3.4 3.3 2.1 0.7 

C·8) (6.3) C·4) 2.3 C3) (1.2) PSV (0.1 em/sec 3.4 4.7 2.3 1.0 
1.3 3.5 1.0 0.7 0.8 

C3.9) C3.O) C7.3) C4.3) e·9
) 

PSV (0.3) em/sec 13.0 18.6 9.5 9.7 5.4 
7.1 10.5 5.2 3.9 4.2 

C8.2) e5.4) e8.9) 21.8 C°.4) C5.5) PSV (1.0) em/sec 25.0 35.9 20.7 8.1 
16.3 13.5 8.8 9.4 4.3 

C8.0) C7.8) C09·7) C5.6) e·8
) 

PSV (3.0) em/sec 16.4 34.3 36.5 14.6 3.9 
7.1 15.1 12.1 8.3 3.1 

CO.7) e8.4) 27.6 (44.9) 14.9 C3.5) e·8
) 

PSV (10.0) em/sec 9.2 22.4 4.7 
4.1 10.3 16.9 6.6 3.2 

CROUSE, Depth = 30 km, M 7.9 
75km 125km 175km 225km 275km 

PSV (0.1) em/sec 2.9 2.1 1.6 1.4 Ll 
PSV (0.3) em/sec 16.0 11.0 8.2 6.6 5.4 
PSV (1.0) em/sec 36.1 25.2 19.2 15.3 12.7 
PSV (3.0) em/sec 26.3 18.3 13.8 ILl 9.2 

KAWASHIMA, M 7.9 
U max (em/ sec2) 238.4 148.3 105.5 80.9 65.0 
Umax (em/sec) 23.7 14.7 10.5 8.0 6.4 
Umax (em) 5.4 3.3 2.3 1.8 1.4 
PSV (0.1) em/sec 6.6 4.2 3.0 2.3 1.9 
PSV (0.3) em/sec 28.1 17.8 12.8 9.9 8.0 
PSV (1.0) em/sec 71.2 45.0 32.4 25.0 20.2 
PSV (3.0) em/sec 30.5 19.3 13.9 10.7 8.7 

JOYNER and BOORE, M 7.9 
Umax (em/sec2) 74.0 33.2 17.7 10.3 6.3 
Umax (em/sec) 19.7 8.8 4.7 2.7 1.6 
PSV (0.1) em/sec Ll 0.3 0.1 0.04 0.01 
PSV (0.3) em/sec 4.7 1.5 0.5 0.2 0.1 
PSV (1.0) em/sec 13.2 4.8 2.0 1.0 0.5 
PSV (3.0) em/sec 23.0 13.7 9.8 7.6 6.2 

( ) = ± one standard deviation. 
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and western United States earthquakes (HEATON et al., 1986). It may be that the 
distance attenuation is a function of earthquake size, with large subduction earth
quakes having a relativeiy small distance attenuation. 

Choosing a ground motion for design at a particular site is obviously a difficult 
and somewhat philosophical problem given the large scatter in the observed ground 
motions. However, once a design motion is chosen for a site, it may be very 
sobering to plot that design level against the actual data plotted in Figure 1. 

Estimating Strong Ground Motions for Earthquakes of Mw > ~ 

The Cascadia subduction zone has not experienced any large, shallow subduc
tion earthquakes over its greater than 1000 km length for at least 150 years despite 
an apparent convergence rate of about 4 cm/yr. Although it is conceivable that 
convergence is occurring continuously through aseismic creep, the Cascadia subduc
tion zone has many similarities to the subduction zones in southern Chile, south
western Japan, Colombia, and Mexico (HEATON and HARTZELL, 1986). Each of 
these zones have experienced very large historic shallow subduction earthquake 
sequences and can be considered to be strongly coupled. If the Cascadia subduction 
zone is also strongly coupled, then earthquakes far larger than any of the events for 
which we presently have strong motion records can be postulated for this zone. In 
particular, the largest earthquakes experienced on these other subduction zones 
were: The 22 May 1960 Chilean earthquake (M w 9.5), the 1707 Hoei earthquake of 
southwestern Japan (Mw > 84), the 31 January 1906 Colombian earthquake 
(Mw 8.8), and the 3 June 1932 Jalisco earthquake of Mexico (Ms 8.2). HEATON and 
HARTZELL (1986) present circumstantial evidence that suggests (but does not 
prove) that large earthquakes along the Cascadia subduction zone may have an 
average repeat time of 400 to 500 years. Given the length of the apparent seismic 
gap and a suggested repeat time of more than 400 years, it seems difficult to 
eliminate the possibility of earthquakes comparable to the 22 May 1960 Chilean 
earthquake, the largest earthquake recorded this century (KANAMORI, 1977). 

What might the ground motions look like from a giant earthquake such as the 
1960 Chilean earthquake? This earthquake is in a different class from the earth
quakes for which strong ground motions have been recorded; its seismic moment is 
at least one hundred times larger than that of the largest earthquake for which we 
have data. There are several approaches that could be utilized to estimate the nature 

... 
Figure 3 

Smoothed (with period) logarithmic averages of pseudo velocity response spectra (5% damped) that are 
shown in Figure 1. Numerical values for these curves and standard deviations of the data about the 

average are found in Tables I and 2. 
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of motions from giant earthquakes. One approach would be to simply use the 
regression analyses of data from smaller earthquakes and extrapolate to very large 
magnitudes. However, there is little confidence that the functional form that was 
chosen to fit the data is appropriate to extrapolate outside the region for which 
there is data. A second approach would be a slight variation to the first. Once again 
data from smaller earthquakes could be extrapolated into the range of very large 
magnitudes, but the functional forms would be based on spectral scaling laws and 
similarity conditions. However, there is little reason to expect that an earthquake 
having a fault length of as much as 1000 km and rupture that may extend to the 
uppermost mantle will be similar to an earthquake with a fault length of 100 km 
and fault width that is confined to the offshore accretionary wedge. 

Fortunately, teleseismic data are available from some of the most significant 
events of this century (HARTZELL and HEATON, 1985; HOUSTON and KANAMORI, 
1986). In particular, teleseismic P-waveforms contain information about energy 
radiated by these earthquakes at periods as short as 1 second. Unfortunately, strong 
ground motions and teleseismic P-waveforms result from different complex combi
nations of source and wave propagation features. To infer strong ground motions 
directly from teleseismic P-waveforms would require a great leap of faith. In 
principal, we could use the teleseismic P-waveforms to deduce the detailed rupture 
history of a large event. We could then derive strong motion recordings from that 
rupture history. Of course, this presupposes that we accurately know the propaga
tion effects of earth structure and that we have sufficient teleseismic data to infer the 
details of the rupture process at very short wavelengths. Although this approach 
can be dismissed as being impractical, it has fundamental similarities to the 
empirical Green's function technique that we employ in this study. 
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The Empirical Green's Function Technique 

The basic idea behind the empirical Green's function technique is the notion that 
large earthquakes can be considered to be a linear combination of smaller ones. That 
is, to model a large earthquake, we merely superpose N smaller ones, where N is the 
integral ratio of the moment of the larger event to the smaller one. Since waves from 
the smaller and larger events travel through the same seismic velocity structure in 
the same manner, this technique allows us to remove this unknown from the modeling 
process. Furthermore, since the source of the smaller event has rupture properties 
that are probably similar to that of the larger event, this technique also allows us 
to model effects due to statistical irregularity of the rupture process. Descriptions and 
applications of the technique are given by HARTZELL (1978, 1985), KANAMORI 
(1979), IRIKURA (1983) HOUSTON and KANAMORI (1986), and others. A more 
quantitative discussion of this technique is also found in Appendix B of this paper. 

Unfortunately, things are not quite as simple as they might appear at first 
glance. There are difficult questions involved in deciding how to sum these records 
together. For instance, if an earthquake rupture is a smooth, coherent process, then 
smaller ruptures must be summed in such a way that an irregular rupture process 
does not result. Just how to fit these records together is a very fundamental question 
that is explored further in Appendix B. The nature of the irregularity of the rupture 
process may be investigated by asserting that earthquake ruptures are self-similar 
with respect to size. However, this is an important issue and self-similarity should 
not be accepted as a matter of faith. Fortunately, this same empirical Green's 
function technique can be used to model teleseismic P-waveform data of historic 
giant earthquakes. This teleseismic data helps constrain the assumptions in the 
summation process. In this study, we are most concerned with estimating strong 
ground motions in the spectral band from 10 seconds to 10 hertz. We are not so 
concerned about ground motions in the spectral band comparable to the duration 
of giant earthquakes which may be more than 100 seconds. Thus we apply the 
empirical Green's function technique in such a way that we match the characteris
tics of short-period teleseismic waveforms. Because of effects introduced by the 
randomness that we assume in the timing of the Green's functions, summing 
enough records to match the moment ratio of the smaller and larger events may 
result in a significant overestimate of the short-period motions. This problem is 
discussed in Appendix B. To alleviate this problem, we sum just enough events to 
match the characteristics of the short-period teleseismic waveforms, even though 
this may not be consistent with the moment ratio of the two events. 

In order to apply this technique, we must have an adequate set of records 
to use as empirical Green's functions. In this study we primarily use the records 
from two earthquakes for which we have the best combination of strong motion 
and teleseismic data; these are the 16 May 1968 Tokachi-Oki earthquake (Mw 8.2) 
and the 12 May 1978 Miyagi-Oki earthquake (Mw 7.5). The Miyagi-Oki event 
appears to be a rather simple single source, whereas the Tokachi-Oki event appears 



150 T. H. Heaton and 8. H. Hartzell PAGEOPH, 

Table 3 

Empirical Green's Function. 

Green's Record 
Earthquake Date Mw Function Code 8tation Code Distance (krn) 

Hyuganada 04/01/68 7.4 A Hyaga S-213 80 
B Kochi S-211 162 

Tokachi-Oki 05/16/68 8.2 C Muroran 8-234 201 
D Aornori 8-235 175 
E Hachinohe 8-252 130 
F Miyako S-236 180 

Miyagi-Oki 06/12/78 7.5 H Hachinohe 8-1202 262 
I Akita S-1200 240 
J Of un at a S-121O 101 
K 8hiogama S-1201 95 
L Onaharna S-1l91 175 
M Yamashita M-217 370 

8t. Elias 02/28/79 7.8 Q Icy Bay 77 
R Yakutat 170 

to be relatively complex. The actual strong motion records chosen to be Green's 
functions are given in Table 3. An inspection of these records (found in Appendix 
A) shows that there is a wide range in the character of the motions from station to 
station. As was discussed earlier, much of this character seems to be a site effect. In 
our summation procedure, we sum the records from several different sites and thus 
our synthetic records represent motions that are averaged in a poorly defined way 
over several sites. If ground motions are desired at a specific site, it may be better 
to sum records taken only from stations that appear to have simple site responses 
(hard rock sites?) and then apply a site correction that is appropriate. Of course, this 
is easier said than done and we have not attempted to eliminate Green's functions 
with complex site responses in this study. 

Definition of the Source Geometry 

The source characteristics of six of the largest earthquakes for which we have 
short-period teleseismic data are given in Table 4. Source parameters are also given 
for the four events in Table 3 chosen as empirical Green's functions. We will describe 
the details ofthe model geometry for only the largest of these, the 22 May 1960 Chilean 
earthquake (Mw 9.5). Unfortunately, there is still very little known about the spatial 
and temporal distribution of seismic energy release for this, or any other giant 
earthquake. There is little question that the rupture length was very long, on the order 
of 1000 km. For simplicity, we assume that the characteristics of the rupture do not 
change significantly along the fault length, although we present no real data to justify 
this assumption. The question of how the rupture varies down the dip is both 
problematic and of considerable concern since such variation can significantly affect 
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Table 4 

Earthquake Parameters. 

Earthquake Date Mw Mo x 1028 dyne-em Length (km) Width (km) 

Hyuganada 04/01/68 7.4 0.17 
Miyagi-Oki 06/12/78 7.5 0.22 100 75 
St. Elias 02/28/79 7.8 0.65 
Tokachi-Oki 05/16/68 8.2 2.8 180 140 
Kuriles 10/13/63 8.5 7.5 250 150 
Rat Island 02/04/65 8.7 14.0 500 150 
Aleutians 03/09/57 9.1 15.0 800 150 
Kamchatka 11/04/52 9.0 35. 650 200 
Alaska 03/28/64 9.2 75. 700 300 
Chile OS/22/60 9.5 270. 950 200 

the spatial distribution of the strong shaking. For example, we would like to know 
whether or not large amounts of seismic energy are radiated from directly beneath 
a site for which we simulate ground motions. Since it is likely that the rheology of 
fault zone materials changes with depth, it also seems likely that the rupture 
characteristics change with depth. It may be that significant slip occurs slowly at depth 
with little radiation of energy in the frequency band of interest. Because there is so 
little constraints on the assumption of fault width, we present the results both from 
models in which short-period radiation is confined mainly to the offshore regions and 
also from models in which seismic radiation is allowed to extend significant distances 
inland. 

The geometries of several models of the Chilean earthquake are shown in Figures 
5 and 6 and a summary of parameters for models presented in this study is found 
in Table 5. In Figure 5, we show several different ways to simulate a Chilean 
earthquake using the records from Miyagi-Oki-size earthquakes (4/1/68 Hyuganada 
M 7.4, 6/12/78 Miyagi-Oki M 7.5, and 2/28/79 St. Elias M 7.8). First consider the 
geometry of the model M-1l40-200; the M stands for Miyagi-Oki, 1140 is the total 
number of records that are summed, and 200 is the fault width. The long-period 
moment ratio of the 1960 Chilean earthquake and the Miyagi-Oki earthquake is 1140. 
In this model, each subfault is assumed to be of dimensions 50 km long by 40 km 
wide. The letters in the subfaults tell which records were used as Green's functions 
for that subfault (see Table 3). The Green's functions were chosen such that the 
difference in distance between that required by the model geometry and that at which 
they were observed is a minimum. The Green's functions are also scaled for distance 
using the distance attenuation relationship of CROUSE et al. (1988). The subfaults 
with plus signs have Green's functions that are a simple average of their closest 
neighbors. In the synthesis of teleseismic P-wave records, the Green's function is 
assumed to be the same for each subfault. The rupture is assumed to propagate radially 
at a velocity of 3.2 km/sec from the hypocenter shown. In model M-1140-200, each 
subfault ruptures 12 times within a period of 60 seconds after the onset of rupture. 
The actual rupture times are random within 12, 5-second, evenly-spaced time windows. 
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Geometry of fault models used to simulate an earthquake in the Pacific Northwest similar to the 22 May 
1960 Chilean earthquake (Mw 9.5). Each box represents a subfault whose response is simulated by 
summing the ground motion from Mw 7.5 earthquakes. Letters in the boxes refer to Table 3 and they 
designate which records are used as Green's functions. Boxes with a + use a Green's function that is a 
linear interpolation of the Green's functions in adjacent boxes. Cross-sections, showing the relative 

position of the fault and the observation points are shown to the right. 

The fault is assumed to dip 10 degree landward from a surface trace that is 
about 120 km offshore. The earthquake is observed at three different locations near 
the center of the rupture. One site is assumed to be on the coast, another is located 
within the coastal ranges about 50 km inland, and the final site is located in the 
Puget Sound region. When the rupture is assumed to have a width of 200 km, it 
extends beneath both the coastal and coastal ranges sites. 

The second model, M-120--200, is very similar to the first except the total number 
of Green's functions that are summed is reduced to only 120. As discussed later, fewer 
Green's functions are required by the short-period teleseismic data than is required 
by the moment ratio. In this second model, each subfault is assumed to be 95 km 
long and 67 km wide. Each subfault ruptures 4 times within a period of 48 seconds 
after the onset of rupture. In the third model, M-120--135, the rupture surface is 
assumed to be significantly narrower (135 km) and is confined to mainly the offshore 
regions. Although it seems likely that the Chilean earthquake ruptured over a larger 
fault width than this, it may be that short-period waves emanated only from the 
shallower portions of the fault. The total number of Green's functions summed is 
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Table 5 

Model Parameters. 

Model Length Width Dislocation 
Code (km) (km) Rise Time (sec) * m* n* 

1960 Chile M .. 9.5 
M-1140-200 950 200 60 19 5 12 
M-120-200 950 200 48 10 3 4 
M-120-135 950 135 60 6 2 6 
T-96-200 900 200 64 6 2 8 
T-24-200 900 200 50 6 2 2 
T--6--IOO 900 100 50 6 I 2 

1964 Alaska M .. 9.2 
M-364-300 700 300 32 13 7 4 
M-88-300 700 300 34 II 4 2 

1957 Aleutian M .. 9.1 
M-66-150 800 150 12 II 3 2 
M-22-150 800 150 6 II 2 I 

1952 Kamchatka M .. 9.0 
M-165-200 650 200 15 II 5 3 
M-36-200 650 200 14 6 3 2 

1965 Rat Island M .. 8.7 
M-55-150 500 150 5 II 5 
M-18-150 500 150 4 6 3 

1963 Kuriles M .. 8.5 
M-36-150 250 150 7 4 3 3 
M-12-150 250 150 2 4 3 I 

1968 Tokachi-Oki M .. 8.2 
M-9-140 180 120 4 3 3 

* is the number of subfaults along the fault length; m is the number of subfaults along the fault 
width; n is the number of times each subfault ruptures. 

120, the same as in the previous model. However, the number of times that each 
subfault ruptures is increased to 6 during a total dislocation rise time of 60 seconds. 

In Figure 6, we show an alternate set of models for the Chilean earthquake 
in which records from the 1968 Tokachi-Oki earthquake (M w 8.2) are used as 
empirical Green's functions. Most features of these models are very similar to those 
presented in Figure 5. However, since the Tokachi-Oki earthquake is a much larger 
event, only 96 of them are required to match the moment of the Chilean earth
quake. Once again, the letters in each subfault refer to specific records listed in 
Table 3. Models T -96-200 and T -24--200 both have the same overall subfault 
geometries and are 900 km long by 200 km wide; the only difference being that each 
subfault ruptures 8 times over a total dislocation time of 64 seconds in T -96-200, 
whereas each subfault ruptures only twice over a dislocation time of 50 seconds in 
model T-24--200. In the last model, T-6--100, the Chilean earthquake is modeled as 
a single line of Tokachi-Oki earthquakes where short-period radiation is confined to 
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Same as Figure 5, except that 16 May 1968 Tokachi-Oki earthquake (Mw 8.2) records are used as 
Green's functions. 

the offshore region. In this case only 6 Tokachi-Oki earthquakes are summed with 
each subfault experiencing only one rupture. Of the Tokachi-Oki Green's function 
simulations, this model fits the teleseismic P-wave amplitudes the best. 

Results for Teleseismic P-waveforms 

Before we discuss the strong ground motions that we obtained from our modeling 
procedure, we will present the salient features of our models of the teleseismic wave
forms of giant earthquakes. These teleseismic models provide important constraints 
on the model parameters of our strong motion models. Simulations of teleseismic 
recordings of the 22 May 1960 Chilean earthquake are shown in Figure 7 using 
Miyagi-Oki earthquake records (Mw 7.5) as Green's functions and in Figure 8 using 
Tokachi-Oki (Mw 8.2) records as Green's functions. We model the Pasadena, 
California long-period Benioff seismograms (1-90) and the Tinemaha, California 
short-period Benioff seismograms (1--0.7) since both of the earthquakes that we use 
as Green's functions and also the giant earthquakes that we wish to model were well 
recorded on these seismometers. The peak amplitude of each record is given where 
the units are microns for the long-period Benioff records and the units are in centi
meters (not corrected for magnification) for the short- period Benioff records. Since 
the Japanese earthquakes are observed at a range of about 75 degrees and the Chilean 
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Figure 7 
Comparison of observed long- and short-period vertical Benioff teleseismic P-wave seismograms with 
records synthesized using the 1978 Miyagi-Oki earthquake seismograms as Green's functions. Details of 
the model parameters are found in Figure 5 and the text. The Miyagi-Oki seismograms that were used 
as Green's functions are also shown. Peak amplitudes of the long-period Benioff records have been 
corrected for instrument magnification and are given in microns. Peak amplitudes for the short-period 

Benioff records are given in centimeters on the original seismograms. 

earthquake is observed at about 85 degrees, the Japanese records were corrected for 
spherical spreading in the summation procedure, about a factor of 0.87 in this case. 

Although the moment of the Chilean earthquake that is derived from long
period waves is about 1000 times that of an Mw 7.5 earthquake, it seems clear that 
summing the records from that many Miyagi-Oki earthquakes in a random way 
inevitably overestimates the observed waveforms (Figure 7). In a similar manner, 
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Same as Figure 7, except that seismograms from the 1968 Tokachi-Oki earthquake are used as Green's 
functions. Model parameters are found in Figure 6 and the text. 

summation of the records from 96 Tokachi-Oki earthquakes results in synthetic 
records that are too large (Figure 8). In fact, the records from the Tokachi-Oki 
earthquake have peak amplitudes comparable to those observed for the Chilean 
earthquake. Thus it is important that our modeling procedure increase the duration 
of the signal without significantly increasing the peak amplitudes. In Figure 8 we see 
that it is necessary to sum only about 6 Tokachi-Oki earthquakes in order to match 
the overall amplitude and duration of the Chilean earthquake records. It should be 
noted that the deconvolutions of the Pasadena Benioff 1-90 records by HARTZELL 

and HEATON (1985) for both the Miyagi-Oki and Tokachi-Oki earthquakes yielded 
moments equal to the accepted long-period estimates. These results indicated that 
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the Pasadena Benioff records are representative records for these two events. Below 
we present teleseismic simulations of other great earthquakes using Miyagi-Oki as 
a Green's function which support the results obtained in the simulation of the 
Chilean earthquake, and argue against these results being due to nodal records. 

A comparison of synthetic short-period Benioff records with that observed 
during the 1964 Alaskan earthquake (Mw 9.2) is shown in Figure 9. The teleseismic 
P-waves for this event are among the largest we observed for any earthquake; the 
Tinemaha short-period Benioff record is about twice the amplitude of the record for 
the Chilean earthquake and the Alaskan earthquake is the only event for which the 

4 .4 

M-364- 300 

M-88- 300 

PAS 1-90 RECORD 1957 ALEUTIANS 

1 5.3~ 
M- 66 -1 50 

M-22-150 

PAS 1- 90 RECORD KAMCHATKA 

15.3 ---v..: r~* 

, , , 
o 30 60 

SECONDS 

Figure 9 
Comparison of observed teleseismic P-wave seismograms with records synthesized by summing Miyagi
Oki earthquakes records. In each case, the first model is the one for which enough Miyagi-Oki 
earthquakes were summed to match the long-period moment. In the second model, only enough records 

were summed to match the observed seismograms. 
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Pasadena long-period Benioff records were off scale. However, Alaska is relatively 
close to Pasadena, and when geometric spreading is considered, the Alaskan records 
are of comparable size to the Chilean records. The summation of 364 Miyagi-Oki 
records (the number indicated by the moment ratio) clearly overestimates the 
observed amplitude. Furthermore, the envelope of the waveform of model M-364-
300 has a fairly uniform amplitude throughout the record, whereas the observed 
record seems to show a larger amplitude for the first 90 seconds than for the latter 
90 seconds. This seems to provide corroborating evidence for the model of RUFF 
and KANAMORI (1983) in which they suggest that the earthquake initiated with the 
rupture of a large asperity with a diameter of about 200 km. In the model 
M-88-300, we have assumed that dislocations in the hypocentral area are about 
twice as large as those that occurred on the periphery of the rupture surface. In 
Figure 10, we show sketches of the spatial distributions of the dislocations that 
provided a reasonable match with the observed waveform envelopes for each of the 
earthquakes that we simulate. The model M-88-300, in which 88 Miyagi-Oki 
records are summed, gives a good overall fit to this data. 

A comparison of synthetic long-period Benioff records for the 1957 Aleutian 
earthquake (Mw 9.1) with the observed is also shown in Figure 9. This earthquake 
has been assigned a very high energy magnitude because of its very long aftershock 
zone (SYKES, 1971; KANAMORI, 1977). However, direct measurements of the 
moment form very long-period surface waves are not currently available for this 
earthquake. The Pasadena long-period Benioff records are not particularly impres
sive and the summation of 66 Miyagi-Oki records (model M-66-150) results in 
significantly larger synthetics than the observed. The summation of only 22 
Miyagi-Oki records (M-22-150) yields a more acceptable fit to the data. A fairly 
uniform dislocation distribution on a long, narrow fault (Figure 10) seems adequate 
to explain the Pasadena waveform. 

Free oscillation recordings of the 1952 Kamchatka earthquake (Mw 9.0) provide 
fairly direct evidence that this event ranks among the giant historic earthquakes 
(KANAMORI, 1975). However, the summation of only 36 Miyagi-Oki records 
(M-36-200) provides an adequate fit to these records. The assumption of relatively 
uniform rupture along the fault plane seems adequate to explain the Pasadena records. 

Comparisons of observed long- and short-period Benioff records from the 1965 
Rat Island earthquake (Mw 8.7) are shown in Figure 11. The model M-18-150 has 
several asperities (Figure 10) that produce variations in the waveform envelope of 
the type that are seen in the observed long-period records. 

In Figure 12, we show comparisons of the long- and short-period synthetics with 
the records observed for the 1968 Tokachi-Oki earthquake (Mw 8.2). A relatively 
detailed dislocation distribution has been deduced by KIKUCHI and FUKAO (1986) 
and this distribution (Figure 10) has been assumed in our model M-9-140. 
Summing the number of Miyagi-Oki records implied by the moment ratio of these 
two events results in a good match to the observed records. 



Vol. 129, 1989 Estimation of Strong Ground Motions 159 

1960 Chile Mw 9.5 

( 8 ) 

-----------------------

1964 Alaska Mw9.2 
§L 

100km 
-sw 

-----------~----(' (. 'J 
1957 Aleutians Mw9 .1 

-w 

( * ) -------~-------
1952 Kamchatka Mw 9 .0 

-sw 

( 8 ) 

--------- -----

1965 Rot Is land Mw 8.7 
-w 

1963 Kuriles Mw 8.5 
+-sw 

[J 

Figure IO 
Schematic showing the assumed rupture characteristics of earthquakes modeled in this study. Although 
the bottom of the rupture surfaces are poorly determined, we considered the dashed line to define the 
bottom of the surface that radiated significant short-period energy. Hypocenters are shown by the <8> 

symbol and stippled regions designate areas that are thought to have relatively larger dislocations. 
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Comparison of observed teleseismic P-waveforms from the 1965 Rat Island earthquake with records 
synthesized by summing Miyagi-Oki earthquake records. Although the long-period moments of these 
earthquakes would indicate that 55 Miyagi-Oki records should be summed (M-55-ISO), a better match 

to the data is provided by the model in which only IS records are summed (M- IS- 150). 

The 1963 Kurile earthquake (Mw 8.5) is the last event that we consider. As can 
be seen in Figure 12, the observed records from this event are comparable in size to 
those observed from the Tokachi-Oki earthquake. The model M-12-150 assumes a 
relatively uniform dislocation distribution (Figure 10) and compares well with the 
observed records. 

We have seen that the assumption that we can model giant earthquakes by 
randomly summing enough smaller ones to match the moments consistently overes
timates the teleseismic P-waveforms. In several ways, this result is to be expected. 
As is pointed out by JOYNER and BOORE (1986) and also Appendix B, the random 
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Comparison of observed teleseismic P-wave records from the 1968 Tokachi-Oki earthquake and the 1963 
Kurile earthquake with records synthesized by summing Miyagi-Oki earthquake records. The summation 
of 9 Miyagi-Oki records (M- 9- 140), the number indicated from the moment ratio, provides a good 
match to the observed. However, for the 1963 Kurile earthquake, fewer records must be summed than 

is indicated by the moment ratios. 

summation of N waveforms results in a fo increase in high-frequency spectral 
levels; this is a larger increase than is produced by most spectral scaling laws that 
are based on the observed records of smaller earthquakes. Furthermore, HARTZELL 

and HEATON (1985) present clear evidence that teleseismic P-waves in the period 
range from 2 to 50 seconds saturate for earthquakes larger than about 8~. This 
saturation effect can be seen both in the teleseismic time functions that they present 
and also in the Fourier amplitude spectra. In fact, the Fourier amplitude spectra 
presented by HARTZELL and HEATON (1985) seem to provide direct evidence that 
the rupture process of giant earthquakes is not self-similar to that of smaller ones. 
The increase in high-frequency spectral levels with moment appears to be less for 
earthquakes of M w > 8 than for smaller earthquakes. This conclusion contrasts 
somewhat with the work of HOUSTON and KANAMORI (1986) who report that the 
amplitudes of high-frequency teleseismic P-waves grow at a constant rate for 
earthquakes varying from M w 6 to M w 9!. The primary reason for this difference 
appears to be a difference in the giant earthquake data sample. 
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Results for Strong Ground Motions 

Response spectra for the Chilean earthquake models described above and 
assuming the coastal ranges site located about 50 km from the coast are presented 
in Figure 13. The records that are used as Green's functions are found by 
cross-referencing Figures 4 and 5, Table 3, and Appendix A. Although the 
teleseismic motions for the models designated with an M were constructed by 
summing only Miyagi-Oki earthquake records, several of the Green's functions in 
the corresponding strong motion models were from the 1968 Hyuganada earth
quake (Mw 7.4) and the 1979 St. Elias earthquake (Mw 7.8). These earthquakes have 
relatively simple far-field time functions and are similar in size to the Miyagi-Oki 
earthquake. We feel that including them in the Green's function set helps to provide 
synthesized ground motions that are less dependent on one particular set of records. 
The response spectra from the models designated T are obtained from summing 
records from the Tokachi-Oki earthquake only. 

The response spectrum from each of these models is quite large. In particular, 
the spectra obtained by summing the number of records determined from the 
moment ratios (M-l140-200 and T-96-200) are alarmingly large. However, these 
models are inconsistent with the teleseismic data and thus we believe that they are 
not likely to be representative of the motions that may be encountered in giant 
earthquakes. It is not too surprising that our modeling procedure should produce 
large ground motions; the motions we use as Green's functions are already large. 
The sum of a number of these motions must result in a motion that is larger than 
the largest of the Green's functions. 

In Figure 14, we show response spectra for the vertical ground motions' 
produced by the models described above. These motions were synthesized using a 
procedure identical to the one used to sum the horizontal motions. In Figure 15, we 
show time histories for one horizontal component and the vertical component of 
ground motion for the model M-120--200 and for the coastal ranges site shown in 
Figure 5. We investigated many models in which we changed parameters (such as 
the hypocenter, the Green's function distribution, the number of Green's functions, 
the fault width) and the model M-120--200 represents a fair median to those models. 
Due to the assumption of random timing in our models, the hypocentral location 

Figure 13 
Synthesized pseudo-velocity response spectra (5% damping) for one component of horizontal ground 
motion from the models shown in Figures 5 and 6. The models in the top half are constructed by 
summing Miyagi-Oki-sized earthquake whereas the models in the bottom half are from summations of 
Tokachi-Oki earthquake records. Although the models M-1140-200 and T-96-200 are designed to 
match the long-period moment of the 1960 Chilean earthquake, they clearly overestimate the teleseismic 
P-waveforms and thus the spectra from these models are not considered to be plausible. The site is 

assumed to lie in the coastal ranges about 50 km from the coast. 
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had little overall effect on either peak time domain or spectral amplitudes. Further
more, the duration of strong shaking was fairly stable from model to model since 
it is mainly determined by the overall rupture length. The choice of individual 
records as Green's functions and the number of Green's functions to be summed 
appear to be the most important variables in our modeling procedure. 

Since the individual records used as Green's functions have been filtered at 
periods longer than 10 seconds, their sum is also filtered in a similar manner. 
However in giant earthquakes, coastal regions may experience large static ground 
displacements; some coastal regions of Alaska were horizontally offset by 20 meters 
during the 1964 earthquake (PLAFKER, 1972). Obviously, the ground displacements 
given in Figure 15 do not account for static ground displacements. Recently, 
ANDERSON et al. (1986) presented stong motion recordings of the 19 September 
1985 Mexico earthquake (Ms 8.1) in which there is convincing evidence for static 
offset of the recording sites. These offsets are on the order of 1 meter and occur in 
a linear ramp-like fashion over 10 to 20 seconds. In giant earthquakes, we anticipate 
that static offsets occur in a similar fashion, except that the displacements may 
exceed 10 meters and may occur over a duration of more than a minute. Ground 
motions of this nature can be modeled with acceptable accuracy using procedures 
similar to that described by HASKELL (1969). However, the accelerations associated 
with this very long-period motion are probably considerably smaller than the 
accelerations at higher frequencies that are presumably the result of irregularity of 
the rupture process. In some applications, such as the excitation of seiches, it may 
be important to consider the effects of the very long-period motions that give rise 
to static offsets. 

In Figure 16, we show smoothed response spectra for the horizontal ground 
motions produced by the Chilean earthquake model M-120-200 as observed at sites 
located on the coast, in the coastal ranges 50 km inland, and in the Puget Sound 
region (see geometry in Figure 5). In this model, peak accelerations at the coast and 
in the Puget Sound are 0.89 g and 0.39 g, respectively. The time histories of ground 
motion are similar to those shown in Figure 15 for the coastal ranges site. The 
distance scaling relations of CROUSE et al. (1988) and KAWASHIMA et al. (1984) 
were used to scale the Green's functions in these calculations. The distance scaling 
relations of KAWASHIMA et al. (1984) indicate a somewhat stronger attenuation of 
motion with distance and their use results in motions that are about 10% higher 
and 10% lower at the coastal and Puget Sound sites, respectively. Although this 
model results in quite strong ground motions at Puget Sound, it should not be 
forgotten that Anchorage, Alaska lies at a similar point with respect to the Alaskan 
subduction zone. Although there are no strong motion recordings of the 1964 
Alaskan earthquake, there was considerable damage in Anchorage and it seems 
clear that the ground motions were quite strong. If the zone of short-period seismic 
radiation is assumed to be narrower (model M-120-135), then the synthetic ground 
motions at the Puget Sound site drop by about 15%. 
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Same as Figure 13, except for the vertical component of synthesized ground motion. 
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shima 

Figure 16 
Comparison of synthetic response spectra as a function of site distance from the coast. Most of the 
models in this study are constructed using the CROUSE el al. (1988) distance attenuation law (solid 
curves). Use of the distance attenuation law of KAWASHIMA el al. (1984) results in motions that are 
nearly identical at the coastal ranges site and about 10% larger and 10% smaller at the coast and Puget 

Sound sites, respectively (dotted lines). 

In addition to constructing models of the 1960 Chilean earthquake, we also 
constructed models of the 1964 Alaskan earthquake, the 1952 Kamchatka earth
quake, and the 1957 Aleutian earthquake. Response spectra of horizontal and 
vertical components of synthetic ground motions are shown in Figure 17. The 
rupture parameters are those used to produce synthetic teleseismic P-waveforms 
that give a good overall match to the observed data (Figure 9). The synthetic 

• 
Figure 15 

Synthetic ground motion for a giant earthquake in the Pacific Northwest that is similar to the 1960 
Chilean earthquake. The site is assumed to be in the coastal ranges. This record was formed by summing 
records from Miyagi-Oki-sized earthquakes and is considered to be one of the larger motions that can 
be considered as reasonable for this site. Average ground motions for similar conditions may be 

somewhat smaller. 
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Figure 17 
Comparison of synthetic response spectra (5% damping) for models of the four giant earthquakes 
(Mw> = 9.0) for which we have teleseismic P-wave data. Records from Miyagi-Oki-sized earthquakes 
are used as Green's functions and the motions are for a coastal ranges site. Schematics of the assumed 
fault geometries are shown in Figure 10. These motions are considered to be somewhat larger than the 

average motions that could be expected for sites at this distance. 
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motions are for the coastal ranges site and records from the Miyagi-Oki earthquake, 
the Hyuganada earthquake, and the St. Elias earthquake were used as Green's 
functions. All of the response spectra have similar shapes since the same set of 
records were used as Green's functions in each model. The number of records that 
are summed is the most important variable in determining the overall difference in 
the response spectral amplitudes for these different earthquakes. 

Discussion and Conclusions 

What is the overall significance of the synthetic ground motions that we have 
presented? Which, if any, of the motions represents the average motion and what is 
the scatter about the mean likely to be? In the case of actual data from smaller 
earthquakes, we noted the very large scatter for a given magnitude and distance 
range. There is little reason to expect that similar scatter does not exist for giant 
earthquakes as well. This scatter also helps to confuse the interpretation of our 
synthetic motions. Clearly the summation procedure assures that the final synthetics 
are at least as large as the largest of the motions that are summed. Thus Green's 
function records that fall within the large end of the scatter will dictate the size of 
the synthetic motion. To avoid this, it might be best to use only median records as 
Green's functions. However, the data set is very limited and too few (if any) records 
are available that could be confidently classified as median records. This situation 
is further complicated by some confusion about averaging procedures. That is, 
when we considered the spectra of earthquakes of M w < 8~, we computed logarith
mic averages (Figure 3). Logarithmic averages were used to de-emphasize the 
contribution of a few large records, if present. These logarithmic averages are about 
80% as large as arithmetic averages for the same data. However, our synthetic 
ground motions result from the arithmetic sum of records within the data set. From 
these remarks, it does seem clear that most of our synthetic motions are likely to fall 
above the average motion for a giant earthquake. 

In Figure 18, we present a schematic summary of the variation of idealized 
response spectra with energy magnitude for a coastal ranges site. The spectra for 
earthquakes of Mw 7~ and 7.9 are smoothed interpretations of the averaged data 
presented in the first part of this paper. The spectrum shown for a Mw 9! 
earthquake is a compromise between the two models that produced the largest 
(M-120-200) and the smallest (T-6-100) ground motions and that were also 
compatible with the teleseismic waveforms of the 1960 Chilean earthquake. The 
response spectra for M w 9 and 8! earthquakes were obtained by interpolation. The 
spectra presented in Figure 18 are only about two-thirds as large as the spectra that 
we obtained from most of our modeling using the records from Miyagi-Oki sized 
earthquakes as Green's functions. Because of the problems introduced by using a 
record set with very large scatter as Green's functions, we believe that our 
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Figure 18 
Estimates of the variation in average horizontal ground motion response spectra (5% damping) as a 
function of energy magnitude for a coastal range site. Scatter of actual data about mean values may be 

similar to that observed in the data displayed in Figure I. . 

M-designated models are systematically larger than the mean. We believe that the 
spectra presented in Figure 18 are prubably more representative of what average 
ground motions may be for giant earthquakes. However, it is important to 
recognize that we have not developed a rigorous methodology to produce average 
ground motions. 

In Figure 19, we compare several of the response spectra that we produced for 
the coastal ranges site with the response spectrum of the SI4°W component of 
motion at Pacoima Dam during the 9 February 1971 San Fernando, California 
earthquake (Mw 6.7), which is one of the largest motions recorded for any earth
quake. The models M-120-200 and T- 6-100 are shown since they produced the 
largest and smallest ground motions that were compatible with our teleseismic 
modeling. The model designated as "average" in Figure 19 is approximately equal 
to our "preferred" response spectrum for a M w 9! that is shown in Figure 18. At 
high frequencies, all of our synthetic ground motions are clearly smaller than the 
Pacoima motion. However, at periods greater than I second, our synthetic motions 
are nearly comparable in strength to the Pacoima record. 



Vol. 129, 1989 Estimation of Strong Ground Motions 

.. 
o 
~~---'--'-"~~r---.--.-..-~~--~r-~~rr~,----'-'-'~rr~ 

'" ,... 
<D 
If) 

... 

.--.... 
UN 
1..0..1 

~O 
::;: ~ 

Ug: 
'-" .... 

'" ~If) 
Z ... 

~n 
Vl 
WN 
a:: 

>-0 
I-~ 

He» 
U'" 0 .... 
...J'" 
1..0..111> 
> ... 

N 

o 
o 

Figure 19 

171 

Comparison of the response spectrum of the SI4W component of ground motion at Pacoima Dam from 
the 9 February 1971 San Fernando earthquake (Mw 6.7) with synthetic response spectra assuming a 
coastal ranges site and an earthquake similar to the 1960 Chilean earthquake. M- 120-200 is one of the 
largest motions that is thought to be feasible and T--6-IOO is one of the smallest motions produced in 

this study. The spectrum designated as average is similar to the one used in Figure 18. 

Given that there are presently no strong motion recordings of giant earthquakes 
and that there are many uncertainties in our modeling procedure, there are still 
many uncertainties in estimating just how large and damaging the motions would be 
from a giant earthquake in the Pacific Northwest. We have seen that there is 
evidence that a large portion of the moment history of giant earthquakes is a very 
long period and cannot be seen in short- and intermediate-period teleseismic 
body-wave records. Nevertheless, this is small solace since the short-period records 
from such earthquakes are still among the largest ever recorded. Furthermore, data 
we do have suggests that relatively strong shaking occurs at surprisingly large 
distances from M w 8 earthquakes. At this point, it is only natural to assume that 
M w 9~ earthquakes can produce even larger ground motions. In any event, it is clear 
that the 1960 Chilean and 1964 Alaskan earthquakes caused great damage over very 
large regions. The suggestion of a similar earthquake in an area as developed as the 
Pacific Northwest is a very disturbing notion. 



172 T. H. Heaton and S. H. Hartzell PAGEOPH, 

Appendix A 

Appendix A consists of figures that summarize the strong ground motion data 
set used in this study. The figures show the locations of strong motion recording 
sites, ISC mainshock and aftershock locations, the time histories of one horizontal 
component of ground acceleration and velocity for each site, and, in some cases, the 
teleseismic time function derived by HARTZELL and HEATON (1985). Common 
scales are used so that teleseismic time functions can be compared directly with 
strong ground motion time histories. The Japanese records were taken directly from 
the MORI and CROUSE (1981) catalogue (designated as Exxon) and also from a 
collection assembled by the Japanese Port and Harbor Research Institute (desig
nated as PHRI). The Alaskan records are taken from BEAVAN and JACOB (1984), 
the Peruvian records are from BRADY and PEREZ (1977), and the Solomon Islands 
records are from DENHAM and SMALL (1971). All of these records, except for the 
ones from the Port and Harbor Research Institute, are available from the NOAA 
World Data Center in Boulder, Colorado. Additional information concerning the 
conditions under which these and other data were recorded have been tabulated by 
CROUSE et al. (1980). 

Figures Al to A20 
Summary of strong ground motions from large (Mw:2: = 7.0) shallow subduction earthquakes consid
ered in this study. Mainshock epicenters are designated with a star, aftershocks are shown as dots, and 
recording sites are shown as solid triangles. One horizontal component of ground acceleration and 
velocity are shown for each recording. Teleseismic far-field time functions reported by HARTZELL and 
HEATON (1985) are shown when available. All distances used in this study are epicentral distances, 
except in the case of the 16 May 1968 Tokachi-Oki earthquake (Mw 8.2) where distances are measured 

relative to the x symbol which is more central to the rupture surface. 



4
/2

3
/6

2
 H

ir
oo

-O
ki

 
M

7
.0

 
D

ep
th

 
6

0
k
m

 
6

/1
6

/6
4

 

+
 

vv
. 

+
 

46
" 

(
] 

10;
: + 

• 

N
iig

ot
o 

M
7.

5 
D

ep
th

: 
4

0
km

 

+
 

+
 

13
6"

 
1

4
4

'"
 

11
0"

 

-< f2. ~
 '" 00 '" 



4
/1

/6
8

 
H

vu
Q

on
od

o 
M

7
.S

 
D

e
p

lh
: 

3
7

 k
m

 

I ! i 

S
o.

 
K

or
ea

 

• 
3

4
' 

dO
 

• 
3

0
' 

12
8'

 

o 
o 

c?
 

tJ
 
b 

13
2'

 
1

3
6

' 

o 
3

0
0

'"
 

, 
, 

~o
oo

o 
04

 
0

. 
1

t1
1

 
~~
fr
,f
l~
,{
,S
I~
r:
~,
l,
,~
:~
jS
~~
?~
"j
f"
''
''
''
i1
''
I"
''
'njf

''If
'''"

1j""
TItn

"I""
"liT

jin'l
nTfi

j 
U

O
li'

m
 

_ 
n

! 
l
' 

S
-2

1
3

 

~
 0

0
 

j,
;'

,ij
""

ij
i, 

.. 7
 

! 
" .

. 
! 
,
~
~
-
-
-
-
-
+
 

f :>
 

-2
S

 0
0 

-.
...

. I
'"I

I"I
,J"

"I"
"J,

,,I
I"

"I
",

,I
,I

II
I!

,,
II

,,
'~

w.
L.

u.
.L

.w
.t

w.
J.

 
• 

~
 

~
 

~
 

~
 

~
 

~
 

~
 

M
 

.. N
 .0
 

"~
~~
 

l
~
~
_
 

_~
_4
.
L
~
~
~
&
e
 

!f.p
'Cl

IIO
". 

1
(
.
~
~
S
-
2
'
 U

,..
..[

-
W

 
[l

1I
'O

H
 

20
0,
oo

r:
~'

m:
:.

r:
:.

: 
'4'1

' I'I
YJ

Tn
, I

 , . 
,T

T
'T

t 
"j

"I
T

T
T

T
IT

IT
fT

 

\ 
10

0
,0

0
 

t i-I
.. 

S
-2

11
 

~ 

20
.0

0
 

IDi'
~r

: h
 I,~

,~
 j, 
rm

~~
;1

~r
 f I 

r,·
.~i

', 
.W

jR
 IJ~

 

I 
I .

.
.
.
 

! 
.. 

f ,..
 

-1
0

,0
0

 

-2
00

0 
, ..

 "
'"

,,1
,,,

,1
 

. 
.. 

SO
O

.O
O 

~i4
,<
~~
~l
i~
~~
' .r

r 
\ 

2$
0

.0
0

 

1 
.. 

i 1 
-

1
$

0
0

 
~
 .I 

JO
I-

C
ll

t-
2)

 
" 

-1
)I

-
G

II
-2

) 
Tr

, 
20

.0
0 

r"
.i

j(
,'

,i
ji

. j
l/

T~
il

i;
il

ll
ii

'i
iT

ii
ir

i 
j\
~f
 

I 
I .

.
.
.
 

! 
.. 

~
 j 

Fi
g.

 A
2.

 

so
 00

 
101

<1
 

V
I 

't.
7,

A"
"O

G
"1

II 
w.

t'l
'I 

('
O~

-C
llt

-
.)
 

h 

~ "
 •• 

I;;C
· "

 ""1 
"- ! 1 i 

-" .. ~
~
 2

0
S

-G
R

-6
 

-,
o

.0
0 • 

I. 
$.

00
 
~
~
~
d
o
 

"'0
11

01
 

U
U

-C
II

:-
.)

 
h

. 

I 
"
. I _,:.
 Jlf~

~'~
1 

-.
..

 1
""

1"
,.1

",
,1

,,,
,1

 
• 

I. 

~
 

cl
 ::c ::c '" ~ '0 ::s ~
 ::s 0
-

~
 p:: ::c ~ ~ ."
 

:>
 

0 tT
l 

0 ."
 ::c . 



5
/1

6
/6

8
 T

ok
oc

hi
-O

ki
 

M
8

.2
 

D
ep

th
: 

2
0

k
m

 
o 

+
 +0
 H

on
sh

u 

1 ~ i ~ 

+
 

H
ok

ko
id

o 

5
-2

6
2

 

..
..

 
&

...
/ 

.... 

. ·:
:t

i.
~i

i?
?5

-G
R-

1 
.
~
~
'
 

.
.

•
• 

$ 
.
•
 1

 
'.,

"
" 

.. :
'->:

 .. 
.,'

: 
.: 

+
 

1
4

4
" 

of 
4

4
9 

<7
 

+
 

+ 
4

0
· 

+
 

14
8"

 

o 
3

0
0

 ..
..

 
, 

t 
I 

5
2

 X
 1

02
6

 d
y

n
.-

cm
 

1nn
M1P

1~.
nrl

G~a
~,-

>
0

 
8

0
 

10
0 

.1
0 

,.0
 

so
 0

0 

i ~ 
n

co
 

11 
.0

 

~ :s 
-

25
 0

0 
5

-2
6

2
 

g 
-!

>
O

 o
o.l

. ...
....

. L
 ...

 ' I
,,,

, I
",

 ,I
""

 I
""

 I
."

 0I
",,

1 .
. ~,

 I"
" 

I.
",

 I, 
,,,

I.
,, ,

1"
"1

.,,,
 I" 

•• 
1, •

• ,
 1 ••

 ,,1
11 

•• 1
, •

• '
 I.

" 0
1"

 ••
 

_ 
o 

.0
 

2
0

 
10

 
"'

0 
~
 

6
0

 
10

 
8

0
 

'0
 

.0
0

 
11

0 

O
S
~
~
~
~
T
°
r
o
/

lJ.jJ~
ii
~f

il
 i ,

~f
rl
~i

~.~
' r
~,

n 
" I ff,$l

Tlj~
iST>

';II
""";

j r:n,
~CT~

'"""
, .. ""

 nii-n
jt.,

."n
,-n

jlT
Iln

-,n
jt 

\U
'II

JJ
U

J 
•

• 
:15

 
.0

0
0

 

~ 
5

0
0

 

/: /;
 

.0
 

~ ~ 
-'

.00
 

-
'0

.0
0

 1
 .. 
,01

"
, ,

I"
" 

I"
" 

I"
"
 I,

 "
' I

,,,
 0

1"
" 

I"
" 

I"
" 

I"
" 

I"
" 

1"
,0

1"
 ,,1

 ..
 u.L

.u
, I

""
 I

"
" 

I"
" 

1"
,.1

, I
I 

o 
10

 
2

0
 

.3
0 

'0
 

so
 

.0
 

10
 

1
0

 
9

0
 

10
0 

\ 
n

o
,GO

 

1 
.0

 

i 1 -
n

o.
 

J 
5

-2
5

2
 

1
0

0
 

-'
OD

,~
"
"
 I"

, \
~"

 ,
I,

,,
 ~~

" 
01

,,,
 ,1

:", 
I"

, ,)
~,
,,
 I ii

' ~~
'"

 I
",
.~
"

, I
",

 ~I
~"

, I
,,,

 ~~
'"

 I
"

, ~
I~"

, '"
,:l

u,
' I"

, \
\,~

" 
I"

" 
I 

SO
.O

O 
M<

!f
l.

l,
~"

 ..
 :i

~~
m"
i~
~I
' n

~I
~~
~'
TI
 J1

1-
,~

H'
jr

, If
., r

.r
i~~

' I
""

 
i"

" 
i
i
i
 i 

'I"
 

ii
i'

 i
i
' 
I' i

 ,J
 I

 il
" 

i"
" 

I i I
f
, 
I' 

f,
 'I

 i, i
 •

 I'
 i" 

I 

I 
2:

5,
00

 

.....
 ~ 

.0
 

~ ;: 
-%

5
.O

Q.
 

-
50

.0
0 J

 I" 
.I

.!
! 
~~

 I
I'

!.
'!

 ~I
~!

 "
I,

,,
 !1

I~
".

J'
 II

 ~'
,:

!"
 

I .
. ,

 t
!,

.I
"
, 
~~

".
1

" 
!~

I,:
 I

" 
I"

, ~
t~

! 
",

! ,
.~

,: 
'"

 I" 
It.

'.!
:"

 
I"

, 
~1

.'
Ju
J.
.u
.u
..
L 

Fi
g.

 A
3

. 



176 T. H . Heaton and S. H. Hartzell PAGEOPH, 

~ ~ 

: E 
:: j 

, , 
~ ~ ,. 

~ ~ S : 

~ 

s: 

:: 

e 

gO 

s: 0 ~ 
Z~·III/W~ uOj4D.IlII.e»y :M1./lIQ AIp·'- A 

If) 
r<) 

~ 
0 

N N 

ai (/) 

:2 0 0 0 ~ 
<: 

.:<: 
0 

:.c ~ e 
cD 

e Li: 
u 
0 

.:<: 

~ 0 ~ . ~ 

ro 
~ 0 

\0 . f;l 

"-
~ 
"- I! 0 

~ ~ 
If) 

~ ~ :l 

~ 
z 
0 

~S :;: 
~ '" , 

~ z 

'" 0'" 
H ·2 , 
'" 

~ 

" • l ~l :;: 

~ ~ o! 
~ 

N ~ 

~ = 
~ 

~, o:ri 
- I -: ~ 

~:- ~ ~ ~ 
:s > 

'" 0 
0 

g g 0 

~ ~ d 0 co ~ 
g 

~ co 
:;: g 

e 

gO 
0 , 

_./!.Y~ -, 



5
/1

6
/6

8
 

T
ok

ac
hi

-O
ki

 
af

te
rs

ho
ck

 
M

7.
5 

D
e

p
th

' 
2

6
 k

m
 

i 

+
 

+0
 

) 
1

3
8

' 

\ .... ~ . E
 i 
-

-,
 

1
0

.0
0

 

¥ 
S

,O
O

 

"' ~ 
.. 

f ~ 
-... ~
1
0

.0
0
 .. -

-
-,

-. 

+
 

1
4

2
' o 

+
 

IQ
~ 

1
3

0
5

-G
R

-3
 

+
 

4
2

" 

+
 +
 

3
8

' 

1
4

6
' 

:l
O

(h
m

 

+
 +
 +
 Fi

g.
 A

5
. 

2
0

0
,0

0
 ,"<

 1 fh
 II~

~" 
I r i~

~i~
t-l

jR'
r,

 ff
Wr

'~
I~

~'
 I i

 ~~
~~

~.
 ~~

'-'~
ll

l i 
~-

\ 
1

0
0

.0
0

 

1 
.. 

~ 1-'
''· 

-
20
0

.~
.
,
!
,
"
"
 
~~

, I
!
 I
"
, 

':..t
:" 

,.
, I

i 
'.
~'

" 
I!

.,
 !
~'

l'
! 
.I

.,
! 

... '
,: 

Il
L

l 

'.
0

0
 

¥ 
z

.~
o
 

t 
.. 

J -2
,5

0 

SC
lM

CI
'" 

(1
3

0
5

-C
II

-
J

) 
Tr

. 
rO

O
N

 

\ .... E
 : ~ 1 

1
3

0
5

-G
R

-3
 

-, .. 10
.0

0 
S~
",
o"
1 

(i
lQ

!)
-G

II
t-

l)
 

h
. 

[n
O

N
 

I 
...

. 
.... ~ 

.. 
f -'

.0
0 

-
1

0
,0

0
 • 

I.
 

,. 

<:
 
~
 

~
 

'C
) 

0
0

 
'C

) !E s·
 

I»
 g. ::s o ..., en
 g ::s O

Q
 Cl
 o c 5- :: 2- g' en

 .....
 

.....
 



178 T. H. Heaton and S. H . Hartzell PAGEOPH, 

~m 
-0 

I < 
+ of ~ ~~ E- ~~ bil 

+ , ~ - [; 
~ ~=- ..:: 3t ~ 

~ ~ : . . ~ -§c OL .-30 
'" .... _.. .I .... 

N 

'" ;;'C 
j ~~ ~ l ~ ~ . ~ ID , -
.l • l -3~ t- -3:> 

+~ .-+ t:.... 

E 
iE -.. ~ ~ 

.:.: ~r j ~r i 
i<'i ~r ~ -:3~ 

0 

~~ 1 ~~ i + + + .c ..! : a. ... ~;: .' ;~ -3~!r- ~ -3!< Q> 

0 Ot ~- i . :. 
~~ if -" . ~E N . 0:;:"'" ~ -30 r-.: + +~ ~[ ~,!E f 

~ 
~ t T -:x if- o L_ ~ -30 ,... .. ... ,... 

0 ~L~ ~ , , : 0 

Q> ~f:t ": " 1" i a + ~t • ., t II 

.! :> ;n ... ~ m -::~ 
.c: ' - I ~ 

co ... ~; -'l ~-~ -:l 
c . :: ~ ~ 5 <.0 0 

"- I::::::l :r 

£:! + ~ 8 ~ 
~ 8 

~ ~ 

"- s: :: ';' , 
<.0 1: •• :10.,/ ..... :10 \IIOfjo.U 1. :)'''' :lO .I/~' ./.&,;,0Je .... 



t : 1 1
4

2
· 

tl
 

4
6

' 

:"(
I'~

~(,
,· 

... 
_

'.
 

'¥
" 

. 
...

. 
. 

e:>
.~

.'
ff

l 

•. ~
 •

..
. ~ 

<
 

~ 
Xj

O~
 

• 146
41

 
. IS

O
" 

.. 
4

2
° 

'
"
~
 

\
~
,
~
 

~f
~l
i.
~t
'f
i~
ri
li
n!
j~
~~
mt
'I
I"
il

t"
'l

iii
·li

iii
l'
ii

'l
ii

"l
ii

ii
r 

__
__

 
01

, 

, ... '~ 
H
~
.
~
~
~
r
l
l
~
r
~
 

-,
. "

1"
 co

L. ..
 " L

."d
 ...

.. .1
,. ,

jL
U

J.
,,,

 r, ... J,,,, I"
 ,

 .1
ui

li.u
J.

.u.
J.w

 .1
u.

!u
 .. J

. 
o 

10
 

10
 

JO
 

40
 

)
0

 
.0

 
JO

 
8

4
 

\ "I 1 ! , J 

Fi
g,

 A
7,

 

8
1

2
/7

1
 

T
ok

oc
hi

-O
ki

 
M

7
,O

 
D

e
p

fh
' 

4
5

k
m

 

e:>
 

f 
4

4
· 

<:
 
~
 

N
 

,1
0 

1
0

 
0

0
 

1
0

 

t'l'
l 
~
 

• 
4

0
" 

3'
 

~
 

0'
 

::s o .., 
0

/
. 

r.
 

g 
1

4
0

· 
Jg

 

lO
G

"
"
 

0 a 
-
~
-

§ 0-

~
-

~ 
, 

0 
€ 

~
 

I _00
 

i 
-1

0
0

. 

(1
-

_2
1)

 f
-W

 
,
.
.
 

10
,0

0 

I f
·
~
~
,
~
r
 

> 
_

,"
0

0
 

-
1

0
0

0
 .-

.....
 

1
0

 



+
 

+
 

+
 

.\
~ "'0"

 
+

 
+

 
~1
. 

A
~
 

+
 

~I
.)

~+
 

+
 

Q
 

Q
 

+ 
_8

0 
+ 

~
 

15
40

 
15

80
 

:l
O

O
k"

, 
°L

i_
.l

 
1 

1 
I 

I:::
::l ~
 

x 5 I • 1- ~ 
5D

.D
O

 

I 1 { f ,: 

-5
.0

0 
"

'I
"

"
,.

I"
"

"
"

"
"

"
"

'I
,'

"
"

I"
"

I"
!.

'"
,,

I'
I'

"
"

"
!"

-,
}!

,!
!"

,!
"

"
"

,,
,!

,,
!,

!,
,,

 
• 

~
 

M
 

M
 

~
 

_ 
_ 

_ 
_ 

Fi
g.

 A
8.

 

7/
26

17
1 

S
ol

om
on

 
Is

la
nd

s 
M

S
.I 

D
ep

th
 

=
 4

3
km

 

+ 
_

4
0 

+ 
-8

0 

15
00

 

+
 

+
 

\~J
'OI

O "'0
" 

+
 

~1
. Q,

,~
 

A
 

V
$

 ~
 

~
. 

;t!:.
,IJ"

. 
• 

: 
•• 

J~
:.
 

.~
 ...

 ;:
l.

-'
: 

~
&
'
"
 
•
•
•
•
•
 

~.:
.t'

f~.
 : 

' ..
. ,'.

 +
 

+
 

+
 

+
 

~I
.)
Q 

15
40

 
Q

 

~
 

o ~
..

L_
' 

1 
3

0
0

 1
m

 
I 

i { f > 
-5

.0
0

 

-1
0.
00
J'
I!
II
!I
I~
t'
II
II

II
'U

.l
'!

'I
!!

!~
I.

."
"'

!I
!~

'.
!"

'1
 

H
I 

-00 o :-'l
 p:: ::t:
 ~ ::s 8. fIl
 p:: ::t:
 i ~ ~ 



Vol. 129, 1989 

E 
oX 

0 
10 

J:: 

a. 
Q) 

o 

"0 
c 
o 
:§ 

it 
II ~ ~ 
N • 

~ > - E 
~~ N • 

N • ,,-
8 
~ 

g 
~ 

~ 

. 
<D 

'" 

+ 

I • 

N 
I'
...... 
m 
N 
...... . 

J, 

8 
~ 

:: 
S 

,," 
~ g " ~ 

~ , .; 

+ 

Estimation of Strong Ground Motions 

f .. , 
x . 
J, 

~ 
;5 

1 I. 
~ 

~ ~ - E 
:: ~ 
S 

" 8 g 8 ~ ~ ~ -; of ~ :: 

. 1 <D 

+ + ~ 
E 

~ . 
N 

'" 
+ + 

+ + 

f~i ~ 
N L-________ ~ ________ ~ ____ ~~ ______ ~~-----1 

" ~ 

,; 
" ,; , 

181 

: , 

0\ 
<I:: 
00 

t.i: 



1
2

/4
1

7
2

 
H

ac
hi

jo
 I

sl
an

d 
M

7
.2

 
D

ep
lh

 
=

 6
6

k
m

 

+
 

1 
• 

36
" 

I 
• 

• 

+
 

.
~
 ..

 
~ 

.1
:"

 
• 

+
 

+
 

3
2

" 
~ 

+
 

+
 

+
 

+
 

13
6"

 
14

0
· 

14
4"

 

0 
~
O
\
m
 

~
L
 

I 
I 

Fi
g.

 A
IO

. 

\ l' 1 1 1 

-
y 

.
.
.
.
.
.
.
 _ 

.
.
.
 

-
•

• 
-
-

~
~
 

I 
1

.0
0

 

1 
.• 

f >
 

-.
- !:
~r
~~
~:
1~
 

1 1 I 1 ! -
5.

00
 J

 II! .
I.

!!
 tL

'! 
.,

1,
 II

!;
.'.

!"
 

,I
" 

".
'1

'!!
 I.

,.
 '.l

ot
'" 

I,
 I

e '
. ...

.. 
'"

 
I"

 
'~

""
"!

' 
I 

0
0

 
N

 ;l
 

;I:
 ::c '" I» S ::J

 
I»

 
::J

 
C>

. 

~
 ::c ::c I»

 .., N
 
~
 ~ o tl ."
 :c 



6
/1

7
1

7
3

 
N

em
ur

o-
O

ki
 M

7
.4

 
D

ep
th

 =
 41

 k
m

 

+
 

'£ Q
 

x ~ ;. ~
 <l

 

+
 H
ok

ko
id

o 

$
-7

3
3

 

1
4

2
' 

+
 

~\
\~
 

~
~
y
 

I
~
 

'4
 
'.

 
'/

O-
~

'~-
.,

 
,~:

':
M/

';
 

'r
--

:"
. +

 
1

4
6

' 

o 

+
 

!J
 

4
6

' 
+

 

+
 

4
2

" 

IS
O

' 

lO
O

'm
 

+
 

~o
o_
oo

 r
.I

.<
~r

'j
"~

~~
'1

 rt
.'~

r.i
'-i

~'r
, . i

~~i
~~r

iof
 1\

~i7
13,

3,J
.,7

~''
S'l

l,-
r,:

?r"
 i

i
i.

 , 
i., i

i
i
.
 I'

 "
ii

 ii
, 
ii

' t.
 i I

' I
 

~
 

\ 
Z

!o
.o

o 

l 
.. 

i 1 -
....

 
$

-7
3

3
 

1 
-

50
0.

0
:

, I
" 

I.
,!

 ~
t!

"!
 I
"
, 

'..'.
:!,!

 I.
!,

 !.
l~

! 
I
.
 I
! 

II
 '}

':J
!' 

I,
.,

 ~
~'

 I
,
 I
!

" 
~I~

' 
1.

1"
 
'~
';
 I

" 
I"

, 
~I

~!
! 

I 
J!

 I 

!D
.O

O
 

-:r-
A: 

rh
'f

~H
i I

 ~,·
,";

'r:
r'i

'rn
 , .~

~j7
',r

.lIlIi 
,~
~;
:N
),
 '~

'f~
 I N

fW
~i

 ii
i"

 
i' i

i
i
 i 

i 
Ii

 
I H

i 
,,

' 
i. 

ji
ll
 'I

 i 
I 

¥ 
25

.0
0

 

t 
.. 

f > 
-Z

S
.O

D 

-S
O.

OO
J'

!!
!I

I!
!t

~"
,I

""
,J
..
!,
.'
I!

"
,}

.!
"

'I
I

IJ
'~
~I

'L
1

"
, .

. I
.:

."
II

,,
~I

~'
."

"!
~1

,.
L.

1.
l.

.t
.L

 

<l
 

~
 14,

. 

Fi
g.

 A
ll

. 

+
 

+
 

H
e

k.
e

id
e

 
$

-7
4

1 10
0

,0
0

 

+
 

. 
~~

,~
 

~
 

~
 

..
 \ .

 

"'l
ii
:"

 
:.:
~'

. 

• 14
6'

 

0 l 

n. ,
,. .. ,

"
.
~
 

+
 +
 

!J
 

44
t1

 
+ 

. 
4

0
' 

1
5

0
' 

lO
O

'm
 

i""
~

I
~
 

~ 
.. 

i _>
D

. 
$-

74
1 

1 
-1

0
0

,o
g

!,
 I
I
 I
'l
l'
 I 
''

''
 ,
. 
II

' 
't'

" 
I,

,,
 ' 

..
 "

 
.,.

,,!
 I I

I"
"

!"
'"

 
II

"
"
!
 I 

• 
~
 

_ 
u 

g 
~
 

10
.0

0
 

~'l
ari

(,'
t~l

lll
~I"

'"'
~ ~

ir
~:~

III
I(I

~i~
~~'

ll(
~I~

 I~
 :l

ll~
if

'l r
l~~I

" I
I
I
 I 

\l
o

,l
m

vm
 _

 
,,

'4
 

~
.O
D
 

t 
.. 

f ::
 

-
!

.O
Q 

~! I
 1\

 I"
 II ~

11
r \ 

1I'I!'
:II(

I'~I
INr

.'11 t
ltf/!

' 
I 

1 
I 

~ 
I 

1 
I 

'\~WI
!,~J

l rW
Mf

\ 

-
IO

O
O

J 
u

ll
ll

l 
j 

I 
L

U
II

II
' J

uu
ln

"I
"l

Ii
""

IIl
I'

 111
1

1 
It,

 111
11

11
1 

o 
10

 
7

0
 

10
 

.0
 

!)O
 

<
 
~
 

~
 

v:>
 

0
0

 
v:>

 

tT
l 
~
 3' e o· ;:

I o -,
 

5!,
l ... o ;:

I 
(J

Q
 a 3 c ;:
I 0
. s: ~
 o·
 

;:
I 

en
 

0
0

 '" 



184 T. H. Heaton and S. H. Hartzell PAGEOPH, 

~ 

--3~ 

l 
~ 

~ 

~ 

N 
« 
00 

u:: 

s 
0 

~S: 
E 
-" 
en 

~ 

0 

cO 
2 
:l 

~ ~ 0 
'? 

+ + + 

<:t 
r-
...... a, ~ ~ r<l 
...... 
Q + ~ 



1
1

/9
/7

4
 

P
er

u 
M

7.
2

 
D

e
p

th
" 

6
k
m

 
-8

' 
• 

+
 

.. 
-8

0
' .. 

• 

... 
-1

2
-

+
 

+
 

+
 

+
 

+
 

-1
6

' 
+

 
+

 
+

 
0 

3
0

0
""

 
! 

I 

I
t
J

ll
n

J
I
 

t'
tw

.lP
 

10
0

,0
 

\ 
1 

.0
.0

 

'- I 
.. 

l 
.0

 

I 
i 1 -$

0
.0

 

-
20

0
. 

-1
0

(]
 

. 
_

_
_

 .
.
.
.
.
.
.
.
.

. .
,.

 
_ 

..
..

..
..

..
..

. 
I .

. 
J 

..
 ~
.
 

,.
 ..

. u
e
 

.... 

L
~
~
 I 

2.'.
 

'- I 
,. 

f .. >
 

-
2.

S0
 

-
$

,0
0 

IG
P

 

Fi
g.

 A
I3

. .. '0
 x E
 

u .. c >- '" 

1
0

/1
7

/6
6

 
P

er
u 

M
8

.1
 D

ep
th

 =
 
3

8
 k

m
 

-1
0

' 
+

 

+
 

-1
4

' 
+

 

\ l' I ! I f > 
-1

0
.0

0
 

-8
0

' 
\ 

-7
6

' 

.. 
/~

.\
 

P
er

u 

+
 

.. 
u

.I
G

P
 

+
 

.. 
.. 

o 
30

0"
'"

 
1 

•
•
•
 

I 
I 

-
20

.0
0 

1.
"

,1
"

.,
1.

 ,.
,1

 ""
 

I.
" 

,1
""

1
" 

..
 1

"
"

1
,'

11
1"

 •
. 1

" 
•• 

',
,,

,,
 ..

..
 11

 
o 

.f
t
 

..
..

 
..

..
 

..
. 

.
.
.
 

..
"

 

<:
 
~
 

N
 

.\
0

 

~
 

0
0

 
\0

 g: s·
 

~
 o· =
 

o ..., $!l
 

.... o Jg
 o a § Q
, ~
 

~
 

0'
 =
 

V
> 0
0

 
v.

 



3
/2

5
/7

8
 

K
ur

il
 I

sl
a

n
d

s 
M

7
.3

 
D

ep
th

 =
 4

0
k
m

 

.. N
O

 

X
 

~ 

1
2

 

1
4

6
" c>

 

+
 

I
~
O
·
 

/0,
'> 

\c
}0

<"
 

P"\
!;

. 
• 

. 
"

-.
 

. 
'. 

....
 :~
 

~.
~
 ..

 
... " 

1
~
4
·
 

tf'
 

+
 

+
 

o 

+
 JO

Q
 ..

..
 

t .., 
0'

1.
"1

':"
" 

}'
O

 
• 

• 
• 
~LJ

J,l
lJ1

lVl
1tl

!ll
llJ

tfl'
---.

n. 
I 
~'I 

l'III
Trrr:

:~.rl
'~l~i

tlf~l
wal~'

-"r'?
N .. S"

SW
 

PH
.fO

 
V

lll
i

.
1f

lil
V

 ~o
 

ol
ll

".
.u

",
 '

" 
J

t
.n

 
l,n

'll
"U

lp
n

T
ln

t 
'.0

0 

l , ~ ~
 ~ 

2S
 0

0 

-
1!

1 
0

0
 

5
-1

1
5

6
 

-
,.

 
0

0
 J
uu
L.
u,
~,

uJ
.u

..
J.

u.
uL

.u
.L

u.
il

i.
.u

,I,
 .. 

, I .
. ,

 ,1
., .

. 1
 ..

 ,.
L

" 
o 

10
 

10
 

10
 

.0
 

SO
 

60
 

, 0
0 

OJ
V.
'~
/I
'J
I!
J 

K
v,

t .
.. 

"
_t

lc
f'

! 
l(

u
tM

,o
 
I
S
-
I
I
~
'
\
 
s
,
~
w
 

PH
ft

l 
r 

"T
.h

rr
rr

rr
rr

TI
Tf

""
"l

"rn
 'lT

TT
I 1

 ti
n

T
n 

Tfr
" 

, ')
' 11

1
 f 1

1'1
 r 

~o
.'
mu
"l
..
 

]"
 

2 
)0

 

,.
 

-
2!

10
 

~
I
~
'
~
~
~
 

-
, 

00
 

L
i"

l,
I'

I"
I"

"l
lu

l.
L

u
il

i.u
J

J
lu

lu
 .• ti

,u
JU

lJ
u.

 
10

 
'0

 
JO

 
.10

 
5

0
 

6
0

 

4
8

 

4
4

' 

t l ': ~ ! ~ 

7
1

2
3

/8
2 

Ib
a

ra
ki

-O
ki

 
M

7
.0

 
D

ep
lh

 =
 3

0
km

 
I 

I 
\ 

+
 

13
6

· 
+

 

~?
.I
.~
UJ
..
~~
~ ~
~:
.I

~ ~
., 

T
 ~~
l~

~~
fr

~-T
~f

;'
~~

rl
,-

fr
t~

, 
PH

A
I 

.:_ r~
~¥
MI
W~
 

Fi
g.

 A
14

. 

, ~ , <
 ~ 

of 
\n

'" 

... ..
...

.. 
~

.:
.;

:~
 

5
-1

5
0

6
 

+ 
3

4
· 

0 
lO

O
lv

n
 

1
4

2
· 

14
6·

 

• 
+

 

0
1

1
U

J
lc

tU
 

8.
ft

' .
...

 
1(

0'
''

lm
o 

\5
-1

)0
5

' 
10

"
 

,,
~I

t,
 

1
0

0
0

0
1

1
 f
il

if
l 
li

t'
 11

11
'" 

'I' 
11

11
"1

 '11
1 

'P
I 

"1'
" 

"I
 11

111
" "

P
"

I 
V

o'I
,,"

~..
.l

. 
'0

 U
 

~
o
 0

0
 

1~t\
'~~

i"'
lh~\

.vV
.oIfV.

' •• W
' 

! 
-s

o 
00

 
5

-1
5

0
6

 
~
 

-
10

0 
J.

l.
u.
ul
U'
~U
lh
uJ
uu
lu
l~
u.
JU

.,J
'j

ul
'U

.1
 

'0
 

70
 

JO
 

'0
 

~
 

0
1

l1
J

(,
"

8
7

 
90

n
i,

 ..
. 

t(O
lh

lm
o 

\S
-'

!.O
,' 

(o
sl

 
P

H
., 

~O
O 

11
("

1 
":

ll
n

ll
'"

T
I1

I'
lt

rl
l"

'I
" 

'1
11

11
)'1

1"
""

1"
"1

""
 

:~. :
 -_. ~

~M
~!I

~wf
r~ 

SO
O

 
J

u
u

lJ
lu

l"
l.

ll
ll

 
IL

IU
lu

lL
L

ll
d

u
ll

l.
ll

Il
u

ll
L

u
il

U
li

 
o 

10
 

7
0

 
lO

 
'0

 
50

 

0
0

 '" :-l
 

X
 

X
 

~ o o I>
l o 0
-

~
 

X
 

X
 

I>
l .... ~ ~ o tl "0
 

_X
 



6
/1

2
/7

8
 

M
lv

a 

+
 

+
 

+
 

40
" 

+
 

+
 

+
 

+
 

+
 

3
6

' 

o 
3

0
0

""
 

I
.
 

I 14
6

0 

+
 

+
 

'0
0.

00
 O.

 
EX

XO
N

 

~ 
2~

.OO
 

"- ~ 
.0

 

f -2
>0,~

 
5-

12
10

 
~ 

-'0
0,

 

20
.0

0 

I 
10

,0
0 

1 
,0

 
~
 ¥ ~ 

-
2

0
.0

0
 ii 

'"
 

1.
3 

.. 2 x ~ ~ ~
 

0
1

1
1

2
1

1
'7

1
 

w
tv

oo
t-C

M
tt 

Sh
IG

Q
ot

no
 

(S
-

12
0

1)
 

[-
W

 
£'

0:
0+

1 
5

0
0

,0
0

 1
'~

~!
~:

Ji
~'

:~
I~

rT
TT

fr
rr

rl
"'

il
'i

fl
l"

"I
"i

ll
'i

i'
li

l"
I"

i1
I1

'T
TT

 

\ 
n

o.
oo

 

1 
,0

 i I 
'0

,0
0

 

"- ~ 
,0

 

f > 
-

So
O.

OO
 

-
10

0.
 

~,I
I~!

-~(
~~

~-
~"

~l
r~

p:
p)

N,
 1.

~f
~-

i:
.'

;~
5i

i:
l~

l~
t~

1i
~~

' "
i~~

: I 
r' "

I'T
l T

T
'lT

T
n 

rr
r,

 rn
 

:.
 
I
l
l
'
 

i ~ 

5
-1
2

0
2

 

-
'0

0
 ~
L
 "0

1
",

, 1
 ""

I"
, ,

I, 
'" 

I"
 , 
J.
.w
lu
~J
.,
ul
u.
u.
1u
il
i.
o.
.u
.1
.u
..
J'
m1
.L
LJ
, 

o 
'0

 
1

0
 

)0
 

"
0 

5
0

 
6

0
 

1
0

 
eo

 

1
0.

0
0

 
06
..
(1
2~
tl
e 

"'
T~

(M
rt

 
HO
C"
'"
O~
i"
f1
\S
'i
PO
Z~
th
 

I'H
.R

I 
T

 
wO

~l
m:

:r
:~

I,
: . 'I

 TT
'T

T'
f"'

" f
'n

 
n'T

 I'
 ..

 '1I
"TJ

'T"
f"'"

"'-
rr

T
T

T
I tT

rTf
,' I f1

""
 

~
 

5
.0

0
 

t ~
 ] .;
 

-~
.OO

 

-
1

0.
0

0
 ii
 

"'l
.LI

 'I
lll

..u
h

u
 t.1

..u
..u

L..
u.J

u.u
1.J

oJJJ
..u 

i.L
 11

1
1

. 
u
~
 IU

J
.l

l.
I 
t1 

u
t
lt

ll
 ~
 L

il
li

. 
~
 

~
 

~
 

~
 

~
 

~
 

M
 

M
 

F
ig

. 
A

15
. 

<:
 

£.
 

tv
 

,'
0

 

~
 

0
0

 
~
 

I"!
'I 
~
 s·
 

~
 o·
 

::s o ... V
l g ::s O

Q
 o o c 6- 3:
 

~
 o· ::s '" 0

0
 

-.
J 



188 T . H. Heaton and S. H. Hartzell PAGEOPH, 

.:. - -
'> ~: i= - ~ r ~ -- i ~~ ~~ :- t 

t : ~ - -
~~ E.... ~~ 

: ~ -3 ~ i 

l --3~ E 

[" -3~ 
~ : 

-3 t -3 
-30 t --3:? 

E j: [ j~ f 
.t 
~~ j ~E ~ 
.~ o :r ~~ ;~ 3~ ~E j 

a 

~ -:;;:,:-
7C t1- ~~ :f 

i~ 
~ e 

~f fr E:- ~ E~ 

:~ .!E ~ 

i: TtL 
: 

0- -3:. ' -
~~ i~ ~ ~ 

J, ..J m • 
: 

-'00 

~"l ~ ~h ,-
<;t o ~~ 1 ~ ~ V;; r...: "'-"'ii 5E • ~; 
~ 

~ > < 0-
0 0 

lil 8 8 8 ., 8 ~ ~ eO :;< ~ ~ 

~ 8 ~ ~ 

<:;> ~ l(: , ~ "i tz: 
.& Z • • :t. tI;/un 1I0loltfa •• .,,),, ~'/~:) ~1;)OI·A ~ I 
0 ~~ ~ 
>-
:! ~ 

CO - !; ~ ~ 

1: 

, , r-- ~ .. .. 
"- ;:-
N L i a E 
"- "" ~ ~ 

Ul r 0 1 0 '" N 

~ , 
~ ~ r CJ) 

E 

~:: ~ 
.-
E :: ~ , e r : l 

~ ; :: 

!r ~~ .. 
~ 0 0 

8 0 g g 8 
~ g lil 

~ 
~ 0 8 ~ a 

;';1:- :;i , , 2 ~ , %: r-t ~ z: .. ~lU/w:) "OIlD..l.~~)Y ~114IU i.l1-,-;' 

~ ~ 
~E- ~ !L !; 
:t 

~~ ;l "-
.~ 
~~ 

"" f' 
o~ ;; 

rr~ 

iN ~fi m ' 

'" , ~ ~ e 
""-ii 

~C ~~ ~ , ;<:- gO 0 
0 

8 g a ~ 8 ~ a g :it 
~ l(: 7 -: 

Z~.:J. I/W) 1010 O"', _ :):J. ) . '/W:J ""1,"01_ ,11, 



D
ep

th
 

IO
O

km
 

+
 

+
 

+
 

+
 

+
 
~
8
·
 

rJ 

+
 

tJ
 

+
 

+
 

I:f
' 

~
 

... " 
I!

l 

+
 

+
 

4
4

· 

<::
> 

:J 
+

 
"V

 
+

 
+

 
+

 
1

4
4

· 
14

8·
 

15
2

· 

, 
0 

lO
O

kr
n 

""
 o

. .
 J I(

"ii
 ....

 rln
;f'

"'i
T

rI
T

r;·
'r.

IT
.j'

iT
T

j ~
"
'
'
"
1
'
 n

. J
T'

 "f
"'

T
""

f '"
lO

TI
T"

 'I 
[ 

10
10

.1
""

,"
 

~ 
"

'"
 

J 

I "
o

. 
1 

I, 
II

 I
I
.
 

. 

E
 . 

.0
 

~ e ~ ~
 

'.
00

 
wo

;'m
I.lJ

. 
J'

u 
I 

'
.
'
.
'
~
 

• 
! 

2
.S

O
 

1 
.0

 
~
 1 ~ 
-2

,~
 

-
~ 

00
 J

-U
.U

lu
l t

lu
.u

lL
L

ul
.u

.u
.h

uw
 I u

lJ
..

H
 t.L

. u
.J

.u
.u

hu
tL

..u
J.

.u
.u

.L
.u

 J
J 

I'
 .I

il
l U

.I
II

) U
 

I 
t.L

 I
I
I
I
 j 

o 
10

 
'0

 
J.D

 
.cD

 
SO

 
50

 
10

 
11

0 
to

 

Il!
.0

l(.
."

.,e
 

1C
ur

1t
. 

T
,.

"c
l'l

 
fo

lc
oc

tl
l 
~
2
~
r
o

:tt
 

PH
IllI

 
'0

0
.0

0
 

"
I 

M
j'T

nT
T

n'
I"

"I
""

I"
"I

" 
T
n
r
"
"
l
'
'
"
T
'
n
T
J
T
n
'
I
'
'
~
I
'
'
'
'
 

W
O

llh
T'

" 
• 

n
,,'

 
\ 

~o
_oo

 
.... ~ ! 1 { 

.0
 

-!
!i

D
.G

O
 

;.
 

-
2 

$0
 

-•
.•

• 
1 .

..
 ,1

 ••
 ,.

1 
..

 "
10

"
.1

" 
•• 

1, 
•• 

,1 
•• 

,.1
,,

.,1
 "

 ••
 1,

."
1

."
.1

" 
•• 

1, 
•• 

,1 
•• 

"1
" 

•• 
1, 

•• 
,1

.,,
.1

,,,
.1

 
o 

.'"
 

...
 

~
.
.
 

...
 

....
 

~
.
.
 

....
 

.
~
 

Fi
g.

 A
17

. 

<
 

~
 

'"
 

.'<
> '<>

 
0

0
 

\0
 

tT
l 
~
 S·
 

a o· ;:
) 0 ....,

 
~
 

.., 0 ;:
) 

(J
Q

 0 .., 0 c: ;:
) 0
- ~
 

~
 

O·
 

;:
) 

V
> 0
0

 
\0

 



2
/2

8
1

7
9

 
S

f. 
E

lia
s 

+
 \ ..:. ~ 

.. o 

¥ 
2!

1
.0

0
 

..:. ~ 
.. 

~
 ¥ : 

.. 
+

 

·1
4

8
· 

..
 6

2
· 

+
 

+
 5

8
° 

.. 

M
7

.6
 

D
ep

th
 

13
k
m

 

.. 
+

 
.. 

+
 

+
 

+
 

+
 

·1
4

4
· 

-1
4{

)"
 

-1
36

· 

.. 
.. 

+
 

+
 

+
 

, •
• 1

 •••
• 1.

 •• 
d 

••
•• 

1, •
• d

 ••
••

 1
 

1
1

 •
•
 1"

 •
 .L

u
.L

h
u

Ji
 

~
 

~
 

~
 

" 
~
 

M
 

+! 

l"L •
•
 [~'nm

m_'~
~I~~

~ 
0

2
/2

3
/1

9
1

9
 

1:
" 

[M
O

l 
IC

!J
'IC

I'I
' 

'$
ou

ll
\ 

lo
m

o
n

' 
Do

1l
o.

r1
y 

20
0 

oo
-r

fn
 If

n
I 

r
n

r
il

lt
ll

r
r
n

p
 1

1t
'1

'1
.1

" 
11

1[
""

1'
11

11
' "

11
1"

 I
II 

U
'1

II.
,lr

n
u

""
 "

" 
11

1 
U

 

\ 
10

0.
0

0
 

i j I 1 1 \ ..:. ~ , i ] ! ~ 1 ; 

2
0

.0
0

 

Fi
g.

 A
18

. 

" 

8 cl
 

::t:
 

::t:
 

~ 0' i:I
 '" s.. ~
 

::t:
 

::t:
 '" i ~ a ~ .::t
: 



+
 

+
 

13
6"

 

o 
.. 

+
 

0
1

/U
('

t8
1

 
H

ol
tlo

ol
do

 
U

 ...
 ,o

ro
" 

\S
-

U
2

)'
 

N
o

""
 

1
0

0
 0

0 
r,

.f
ll

l 
1 "T

nT
I 1

T
T

l,
'r

y
n

 'T
'T

H
 r

n'
)1

 r'
n

 ri 
"0

 ... 1
"'10

1 
_ 

,,
.'0

 

1
0

0
 0

0
 

. ~
 

-1
0

0
0

1
 

5
-1

4
2

5
 

-
2

0
0

 og
 w

iliu
.J

..u
 d 

11
"1

,"
 ,1

""
I"

ll,
",

I,w
.1

 
o 

10
 

'0
 

30
 

40
 

O
l/

n
(
IU

I 
H

o\
fw

ol
do

 
"u

ro
,,,

,,,
" 

(5
-

1
.'

2
)\

 
N

on
 ... 

1
0

0
0

 
'1

""
1(

' 
""

f"
T"

rrn
r"

""
llT

nr
fT

TT
T"

"T
IT

n 
"OW

'",U
"".

 ,
,"

 
1

0
0

0
 

.0
 

-1
0

0
0

 

-'
0 

0
0

lu
u

h
u

 ,L.
.U.

.J '
",

lll
"ll

l"I
,..

...
.L

.u
Ju

.. 
'1 

10
 

1
0

 
1

0
 

40
 

46
" 

.. 
I 

.. 
+

 

-
_.

 
--

+
 

' 

+
 

.. 
4

2
· 

+
 

+
 

+
 

+
 

14
6"

 

3
0

0
 ..

..
 

...
J . 

0M
'll

/il
,"

 
Ho

~1
co
ld
o 

H
O

C
hl

"O
".

 
(S

-'
 4

.t
) 

5-
00

0 
I '

I 
Jl

It
T

)'
1

 n
[r

n
rp

-'
" 
I I 

S
ou

th
 

U
o

w
t.

n
u

 
=

:n
)'

l 

\ 
lS

 0
0 

l l 1 ] 
-
~
O

. 

2.
0

0
 

! 
1

0
0

 

~ f ~
 

-
, 

0
0

 L
I 

-
'1

00
 

Il
hu

lL
_u

J.
.1

..
U

 
0 

'0 
'0 

3
/2

1
/8

2
 

U
ra

ka
w

a 
M

7.
1 

D
ep

th
: 

4
0

k
m

 

+
 

/ 

+
 

+
 

.. +
 +0

 

1
0

.0
0

 

.0
 

-
1

0
0

0
 

-
,0

 O
O

JH
uL

, ,J
ilu

1w
.L

,.J
.u

. •
 .L

w.
1H

ili
u J

.w
.L

u.
l..

 
o 

10
 

20
 

1
0

 
40

 
~
 

Fi
g.

 A
19

. 

V
 

+
 

.. 
4

6
" ;7

 
) .. 
~
j
l
Q
 

+
 

+
 

4
2

° 

+
 

+
 

14
4"

 
14

6"
 

o 
3

0
0

'"
 

3
6

' 

O
¥

:'
U

I
U

' 
Ho

~l
co

ld
o 

lo
~o
c:
tl
l 

$1
01

_ 
~
1
!
)
 

(c
u

I 
'~
iI
II
l 

5
0

0
.0

0
T

f 
.,~
m
~
1
'
~
~
~

.1
TT

T1
Tn

"r
" 

,I
n

'I
,T

"
tT

fn
n

l
l 

~ 
2

)0
,0

0
 

-:: ~ ~ ~ "! 
-

25
0 

~
 

'1
0

0
0

 

~ 
10

.0
0

 

-:: ~ f 

M
·5

21
 

'~
fi
f,
'm
h-
n~
~~
cr
!;
':
O~
fi
N ,

li,T
Uf

rA
-C

U' 
PH

'" 

~
~
 

>
 

-
1

0
0

0
 

-2
0 

OO
Jt

u
Ju

l,
L

tu
ll

u
JU

..
ll

lU
I_

Jl
 lu

J
l.

.U
tl

J
 I
~I
U 

o 
10

 
'0

 
JO

 
.0

 
~
O
 



5
/2

6
/8

3
 

A
ki

la
-O

ki
 

~
 

• 
42

" 

• 
• 

o 
lO

O
 ..

...
 

~
~
~
 _

_
_

_
 -
i
 _
_

 ~
1
 

·3
8

' 
.. 

13
6'

 

20
 0

0 
~
t
 •• 

,t~
~I~

'-I
~~~

 II
'~

~~
~ 

::
 

10
.0

0
 

.! ~ ~ 1 

to
.D

O
 

~1
?~

·U,
"~
~~
' 
n1
~~
r~
t,
~:

 , I
I~
~ 

::
 

!I
 0

0
 

"- ~ ~
 : • » 

-
5

0
0

 

.. a
 

.. 
.. 

H
on

sh
u 14

0"
 

1
4

4
' 

d .
...

 I"
"I

 .. 
"I

""
II

II
II

II
II

II
II

II
"d

 ...
 , I

 ...
. I

""
I .

.. 
d

" .
. I

,I
II

I"
 .. 

I"
"I

",
,d

 
.0

 
)0

 
lO

 
"0

 
5

0
 

'0
 

10
 

&
0 

~ 43
lL 

nJrl
~ 

, 
.. 

""
 

~ 
'0

 
<°

11
" 

'''
'1

''"
 '

'''
1'

'''1
''

''1
'''

'1
''

''
1 

~ 
\5 

~SI7\
 "'o"

"'III
~II'~

:I'll
nllll

rll'l
ul'"l

l 
I 

I 
I 

A
lil

l"
, 

• 
I~ 

1'
"'1

 
1/1

.al
'l~

I:'
la'

;i,
Ioc

'II
III

"1 
1"

1"
 

-= 
,.

,.
, 

N
 t 

.0
0

 

~
 ~ J ! • 

S
-1

5
6

7
 

~ 
-2

0
0

. 

"
.0

0
 

¥ 
2>

.0
0

 

" ~ 
.0

 
C

 
'il

 ~ > 
-

2$
,0

0 

-
SO

.O
O ii

 

,.
0

_0
0

 
l 

~ l : 
1

0
.0

0
 

"- ~ 
.0

 
~
 

~
 ;: 

-
10

. 

-
,
.
O
O
J
w
.
U
u
.
u
.
~
 ..

. I
I
lI

lI
,
I
I
I
I
.
lI

l
il
l
l
l
l
l
l
l
l
i
l
l
l
l
l
l
l
 .
. 
l
l
l
l
l
ll

ll
li
,1

1
l1

1
1

1
1

1
1

1
"
ll
ll
li

l
ll
ll
,
I
II

L
..
.l

l.
L

.
.
ll
1

m
lu

 
o 

10
 

20
 

lO
 

"0
 

SO
 

10
 

10
 

eo
 

'0
 

10
0 

11
0 

Fi
g.

 A
20

. 

\0
 

IV
 

~
 ;x: ::c ~ 0' :s ~
 :s a.
 

~
 ::c ::c ~ ! ~ o ~ ."
 

.::c
 



Vol. 129, 1989 Estimation of Strong Ground Motions 193 

Appendix B 

In this Appendix, we present a more quantitative discussion of the empirical 
Green's function technique. The ground motion U(t) that results from a complex 
distribution of dislocation time histories, D(x, y, t), that are distributed on a planar 
fault of length L and width W can be written as 

U(t) = LL LW D(x, y, t) * G(x, y, t) dy dx, (BI) 

where x and yare cartesian coordinates along the fault strike and plunge, 
respectively, G(x, y, t) is the double-couple impulse response of the medium, 
and . and * denote differentiation and convolution operators with respect to time. 
This expression is quite general and is valid in both the near- and far-fields provided 
that the earth is a linear system. Because the system is linear, we can always divide 
the solution into a sum over subfaults, or 

t m 

U(t) = L L UiJ{t), (B2) 
i~ Ij~ I 

where 

iiAL ilAW 
UiJ{t) = D(x, y, t) * G(x, y, t) dy dx, 

(i-I)AL (j-I)AW 

(B3) 

and where 

(B4) 

Now suppose that we already possess ground motions uiJ{t) that resulted from a 
smaller earthquake that ruptured the i, j-th subfault. Its motion would be given by 

liAL ilAW 
uiJ{t) = diJ{x, y, t) * G(x, y, t) dy dx, 

(i - I)AL (j - I)AW 
(B5) 

where dix, y, t) is the dislocation time history distribution for the smaller earth
quake. If a function FiJ{t) exists such that 

D(x, y, t) = FiJ(t) * diJ{x, y, t) 

for (i - I)AL ~ x < iAL and (j - I)AW ~ y <jAW, then 

UiJ{t) = Fij(t) * uiJ{t), 

and then 
t m 

U(t) = L L FiJ{t) * oit). 
i~ Ij~ I 

(B6) 

(B7) 

(BS) 



194 T. H. Heaton and S. H. Hartzell PAGEOPH, 

So in principle, if we have good data from smaller events and if we know what 
the functions Fi}{t) are, then we can obtain the ground motions of a large 
earthquake from smaller ones. Of course, this assumes that the slip history of the 
larger event can be obtained from a linear combination of slip histories of the 
smaller events. 

Unfortunately, determination of Fi}{t) is somewhat problematic. It is customary 
to assume that Fi}{t) exists and that it consists of a sequence of n Dirac-delta 
functions distributed over the dislocation rise time of the larger event, where n is the 
integral ratio of the dislocations for the larger and smaller events. This is actually 
an important assumption and we will discuss alternative assumptions later. For 
now, however, assume that Fi}{t) has the form 

n 

Fi}{t) = L <5(t - Tij - Ok), (B9) 
k=1 

where Tij is the delay time for the rupture front to travel from the hypocenter to the 
ij-th sub fault and the Ok'S are a yet undefined distribution of times between zero and 
the dislocation rise time. Combining (BS) and (B9), we obtain 

t m n 

U(t) = L L L uij(t - Tij - Ok), (BIO) 
i=lj=lk=1 

where the ratio of the seismic moments of the larger event Mo to the smaller event 
M~ is 

Mo LWD 
-= =tmn =N. 
M~ f..Lf..WD' 

One simple distribution of the Ok'S is to assume that 

td 
Ok = (k - 1) -, k = 1,2,3, ... n 

n 

(B 11) 

(BI2) 

where td is the duration of the dislocation of the large event. Unfortunately, this has 
the effect of convolving the empirical Green's functions with a picket fence function 
of periodicity tdln and the resulting synthetics ring at this period. In order to avoid 
this, a random time shift can be added to Ok> or 

(B13) 

where Xk'S are uniform random numbers between 0 and 1. Combining (BI3) and 
(BIO), we obtain 

t m n [ tdJ 
U(t) = i~lj~1 k~1 uij t - Tij - (k - Xk) -;; • (BI4) 

Although the empirical Green's functions uy(t) must, in general, change from 
one subfault to another, in many respects they may be statistically quite similar to 
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each other. This is particularly true in teleseismic cases since the observer-subfault 
geometry changes little from subfault to subfault. In order to study the general 
properties of the empirical Green's function technique, we approximate U!J{/) by 

(BI5) 

where u(t) is an observed record having general characteristics similar to other 
records, Aij is a distance attenuation scaling factor, and eij is the source to receiver 
travel-time correction. Combining (BI5) and (BI4), we obtain 

u(t) ~ U(/) * P(t), (BI6) 

where 

t m n [ IdJ 
P(t) = i~1 j~1 k~1 Ai) 1 - Tij - ~ij - (k - Xk) -;; . (BI7) 

We can refer to P(t) as a transfer function since it specifies how the record from a 
small earthquake can be transformed into the record of a larger earthquake. In 
Figure BI, we show P(t) for the models M-I 140-200 and M-120-135 (see Figure 
5) and for both a coastal ranges strong motion site and also a teleseismic site. In the 
teleseismic case,' the envelope of P(t) is approximately constant in time since Aij is 

., 

TRANSFER FUNCTION 

M - 1140 - 200 LOCAL 

M - 120 - 135 LOCAL 

--'.U<llLOL....,.l Ifi~JUjlll ll Ul1111JLllJt JI ll 

M - 1140 - 200 TELESEISMIC 

111111ll __ IIIiIIIlilliiMIWW 

M - 120 - 135 TELESEISMIC 

11111111 U [IIII11I1 II11UII I Illlill l ll lll llllllllllllill 

............... 
03060 

SECONDS 

Figure BI 
Examples of the form of the transfer function P(t) defined by equation (BI7) and assuming a coastal 
ranges site and two of the models of the 1960 Chilean earthquake shown in Figure 5. In the case of the 
teleseismic records, synthetic motions are determined by convolving the empirical Green's function with 

these transfer functions. Each spike represents an impulse function. 
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assumed to be 1.0 everywhere. In the strong motion case, the envelope has more 
character since the Aij are determined from the CROUSE et al. (1988) distance 
attenuation relationship and also since the effects of directivity are more complex in 
the local field. 

We can discover the spectral scaling implications of the empirical Green's 
function technique by studying the spectral characteristics of P(t). In Figure B2, we 
show the Fourier amplitude spectra P(w) of the transfer functions shown in Figure 
Bl. We studied many transfer functions and although the detailed shapes of their 
Fourier amplitude spectra are generally quite complex, we found that we could 
approximate their envelopes by 

N' , w < 2/Tf 

2N 2 (2 y/~ 
P(w) ~ T ~, -<w< -fo (BI8) 

fW Tf Tf 

fl; (2 y/~ 
T

f 
fo < w, 

where Tf is the total duration of P(t), N is the total number of Green's functions 
that are summed, and ex is a spectral fall-off parameter having a value between 1.0 
and 3.0, depending on the nature of the fault geometry and rupture characteristics. 
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Figure B2 

.. -

Fourier amplitude spectra of the transfer functions shown in Figure Bl. 
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The fact that the high-frequency level of p(OJ) is fo arises naturally (and 
inevitably) from the assumption that the individual Dirac-delta functions compris
ing P(t) are shifted by random time delays. 

If we assume that earthquake spectra obey certain simple similarity laws (and 
there is no good reason that they must), we can gain insight to the physical meaning 
of p(OJ). Suppose that we assume that O(OJ) and u(OJ) are self-similar and have a 
simple shape described by 

(B19) 

where C is a scaling constant, v is a spectral fall off parameter, and OJe is a corner 
frequency given by 

(B20) 

where D and p are also scaling constants. The spectral shape ofu(OJ) is described in 
a similar fashion as 

OJ < OJ; 
(B21) 

OJ > OJ;, 

where 

(B22) 

We can now fiRd p(OJ) such that it is compatible with our general similarity laws. 
From (B16) and (B19) through (B22) we have 

IN. , 
~ 0 OJe v 

P(OJ) = Ii = N( -;-) ; 
N1+pv. , 

(B23) 

OJ; < OJ 

where N = Mo/M'o. Comparing (B23) with (BI8), we conclude that the empirical 
Green's function technique that we have described will produce self-similar spectra 
if those spectra are characterized by 

1 + pv =!. (B24) 

In many spectral scaling laws, it is assumed that the corner frequency scales with 
moment as 

OJe = DMol/3, or p = -1/3. (B25) 

If (B25) is assumed, then from (B24), 

v = 3/2. (B26) 
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In other words, if we assume that the corner frequency scales inversely with the 
cube root of the seismic moment, then the empirical Green's function technique that 
we have described will produce self-similar spectra only if the records have spectral 
falloffs of w -3/2. Unfortunately, such spectra are physically unreasonable since they 
result in infinite radiated energy at high frequencies. 

A frequently used spectral scaling law is one that was introduced by BRUNE 
(1970), in which it is assumed that p = -1/3 and v = 2. If this is the case, then F(w) 
would have to have the following form 

N' , w <wc 

F(w) = N(:Y; wc <w <w~. (B27) 

NI /3 • , w~ <w 

Unfortunately, the summation of N records with a random phase lag inevitably 
leads to a synthetic having a high-frequency level that is larger than the original by 
a factor of ft. In order to obtain an empirical Green's function technique that is 
consistent with BRUNE'S (1970) spectral scaling law, JOYNER and BOORE (1986) 
propose that N 4/ 3 records should be randomly summed and that the final motion 
should be multiplied by N- I /3 • If a = 2, P = -1/3, and if we replace N by N4/ 3 in 
(BI8) and then multiply the result by N- I f3, then it is easy to see that we obtain a 
F(w) that is identical to the one that is required by the Brune spectral scaling law 
given by (B27). 

The apparent inconsistencies that we have noted can be traced directly to the 
assumption given by (B9). It is this assumption that forces the high-frequency levels 
to scale as ft. If we assume that the stress drops and rupture aspect ratios of small 
and large earthquakes are identical (i.e., t = m = n), then we can reproduce the 
JOYNER and BOORE (1986) model by assuming that 

(B28) 

This is equivalent to saying that the dislocation of a large earthquake looks like 
the filtered sum of dislocations of smaller ones. In both assumptions (B9) and 
(B28), it is assumed that high-frequency energy is radiated from a patch throughout 
the duration of the dislocation on that patch. However, one could easily postulate 
that high-frequencies are only radiated during the initial phases of the rupture 
and that the dislocation is very smooth once the rupture front has broken 
through all adjacent areas. In this case, we might assume that Fit) may be 

approximated by 

(B29) 
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where h(t) is a relatively smooth, positive function having a total area of (n -1) and 
a duration of td. If we assume that t = m = nand (B29), then it is not difficult to 
see that this assumption will lead to a /(0)) in which the long-period levels grow as 
N, but the high-frequency levels grow as N I/3 (provided that h(t) is sufficiently 
smooth). Both assumptions (B28) and (B29) lead to the conclusion that the 
high-frequency energy radiated from a subfault is the same for both small and large 
earthquakes. This is undoubtedly an oversimplification of the real case, but aspects 
of this generality may well be true. 

Self-similarity is a very useful concept since it provides rules for the way in 
which large earthquakes can be produced from smaller ones. However, it is difficult 
to argue that giant subduction earthquakes such as the 1960 Chilean earthquake 
must have rupture processes that are self-similar to those of smaller earthquakes. 
The aspect ratio of these giant earthquakes may be different from that of smaller 
ones. Furthermore, the rheology of the fault and surrounding rock is undoubtedly 
a function of depth and there is little reason to expect that the nature of the rupture 
process is the same for earthquakes that are confined to the shallow part of the 
interface and giant earthquakes which may rupture into the uppermost mantle. In 
their study of teleseismic P-waveforms from 60 of the largest subduction earth
quakes, HARTZELL and HEATON (1985) find that the average spectra of giant 
earthquakes do not appear to be self-similar to the average of smaller earthquakes 
(see their Figure IIa) . 

. Given these complications, we have chosen to apply the empirical Green's 
function technique in a simple way such that it matches the teleseismic P-waveforms 
in the frequency range that is relevant to strong ground motions. We simply sum 
enough records to match the teleseismic short-period amplitudes. As might be 
expected, this number is less than that given by the ratio of the moments of the 
larger and smaller earthquakes. Clearly, this procedure would seriously under
estimate long-period (greater than 20 sec.) motions. However, since our strong 
motion empirical Green's functions have already been filtered so that they have 
no information at these periods, we believe that little is lost in our application 
of the procedure. 
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Subduction and Back-Arc Activity at the Hikurangi Convergent 
Margin, New Zealand 

EUAN G. C. SMITH,) TIM STERN) and MARTIN REYNERS) 

Abstract-The Hikurangi Margin is a region of oblique subduction with northwest-dipping interme
diate depth seismicity extending southwest from the Kermadec system to about 42°S. The current episode 
of subduction is at least 16-20 Ma old. The plate convergence rate varies along the margin from about 
60 mm/a at the south end of the Kermadec Trench to about 45 mm/a at 42°S. The age of the Pacific 
lithosphere adjacent to the Hikurangi Trench is not known. 

The margin divides at about latitude 39°S into two quite dissimilar parts. The northern part has 
experienced andesitic volcanism for about 18 Ma, and back-arc extension in the last 4 Ma that has 
produced a back-arc basin onshore with high heatflow, thin crust and low upper-mantle seismic 
velocities. The extension appears to have arisen from a seawards migration of the Hikurangi Trench 
north of 39°S. Here the plate interface is thought to be currently uncoupled, as geodetic data indicate 
extension of the fore-arc basin, and historic earthquakes have not exceeded Ms = 7. 

South of 39°S there is no volcanism and a back-arc basin has been produced by downward flexure 
of the lithosphere due to strong coupling with the subducting plate. Heatflow in the basin is normal. 
Evidence for strong coupling comes from historic earthquakes of up to about Ms = 8 and high rates of 
uplift on the southeast coast of the North Island. 

The reason for this division of the margin is not blown but may be related to an inferred increase, 
from northeast to southwest, in the buoyancy of the Pacific lithosphere. 

Key words: Subduction, back-arc basin, lithospheric coupling, historical seismicity, Hikurangi 
Margin, New Zealand. 

Introduction 

New Zealand largely owes its existence to being at the boundary of the Pacific 

and Australian plates. The nature of this boundary has changed rapidly over the 

last 25 Ma from transcurrent to obliquely convergent, shown by the southern 

migration of Australian/Pacific rotation pole positions (e.g., STOCK and MOLNAR, 

1982; SMITH, 1981). The current boundary consists of three segments (Figure 1): 
the Hikurangi Margin-a subduction zone extending from the southern end of the 

Kermadec Trench to about latitude 42°S, the largely transcurrent Alpine Fault of 

the central South Island and the Fiordland subduction zone extending from about 

I Geophysics Division, Department of Scientific and Industrial Research, Wellington, New Zealand. 
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The location of the Hikurangi Margin section of the AustralianjPacific plate boundary. Pole and 
rotation rates (mm/a) after MINSTER and JORDAN (1978). Bathymetry after CARTER (1980). 

latitude 45°S to the Macquarie Ridge (DAVEY and SMITH, 1983a; SMITH and 
DAVEY, 1984). 

This paper is concerned with the Hikurangi Margin and those features that 
make it both similar to and different from other subduction zones. The data that 
have been gathered will be briefly described, and then an attempt will be made to 
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relate the subduction and back-arc processes of the Hikurangi Margin to those at 
other subduction zones. RUFF and KANAMORI (1980) demonstrated a convincing 
relationship between age, convergence rate and magnitude of the largest earth
quakes at various subduction zones. Measurements of the age of sea-floor that is 
currently subducting at the Hikurangi Margin have not been made, so the 
Hikurangi Margin's place in this relationship is not immediately evident. Moreover, 
it will be argued that other features of the Hikurangi Margin make direct compari
son with other systems difficult. The various data will be used to infer that, for the 
purpose of making this comparison, the Hikurangi Margin should be divided into 
two segments. In addition, the consequent evolution of the Hikurangi Margin, 
particularly the continuation of back-arc processes, will be considered. 

At the Hikurangi Margin, standard subduction zone features include a well
defined zone of intermediate depth seismicity, arcs of andesite volcanoes, a fore-arc 
basin exhibiting negative gravity anomalies and low heatflow, and a growing 
accretionary prism. Behind the arc lies an area of high heatflow, active volcanism 
and extensional deformation. Unusual features include a trench (Hikurangi Trench) 
that is so shallow as to have been often termed a trough ( e.g., VAN DER LINGEN, 
1982), a transcurrent component of plate motion equal to the compressive compo
nent, and the existence in the north of an active back-arc basin onshore. Data that 
serve to characterise the Hikurangi Margin are: a comprehensive set of gravity 
observations, a useful quantity of heatflow data especially from the back-arc region, 
a catalogue of historical earthquakes that is largely complete for onshore events of 
M z 7 since about 1840 and M z 5 since 1940, geodetic and palaeomagnetic 
observations for comparison with strain rates predicted by plate tectonics, some 
geologically derived uplift data, comparatively well observed segmentation of the 
subducted plate, offshore and onshore seismic reflection data that reveal the 
structure of the accretionary prism and the subducted plate dipping under it, and an 
incomplete but useful collection of seismic velocity determinations, principally 
obtained from arrival times of regional earthquakes or similar data from a number 
of microseismic surveys, but including some refraction profiles. 

However, a number of important measurements have not yet been made. There 
is very little data on return times or characteristic size of earthquakes; few seismic 
moments or mechanisms of historical events have been determined; and not only 
the age, but also the structure and likely buoyancy of the lithosphere east of the 
Hikurangi Trench, and hence that of the lithosphere recently subducted, are poorly 
known. 

Morphology of the Subducted Pacific Plate 

The nationwide network of seismographs in New Zealand has enabled a detailed 
study of intermediate depth earthquakes associated with subduction of the Pacific 
plate at the Hikurangi Margin (e.g., ADAMS and WARE, 1977). However, the large 
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station spacing of the network (typically 140 km) provides poor depth control for 
shallower earthquakes, and only in the last decade, with the advent of micro
earthquake surveying, has it been possible to study the shallow part of the dipping 
seismic zone in detail. 

Microseismicity studies have been made of most of the onshore part of the 
Hikurangi Margin between latitudes 38SS and 42.5°S. From northeast to south
west: Hawke's Bay (latitudes 38SS to 39.5°S), BANNISTER (1986); southern 
Hawke's Bay (latitudes 39°S to 400S), CHONG (1982); southern Hawke's Bay, 
including a 200 km SE-NW traverse, REYNERS (1980); Wairarapa (latitudes 400S 
to 41 °S), ARABASZ and LOWRY (1980) and KAYAL (1984); Wellington (latitudes 
40SS to 42°S), ROBINSON (1986); Marlborough-northern South Island (latitudes 
41 °S to 42.5°S), ARABASZ and ROBINSON (1976). For locations, see Figure 2. 

The subducted plate consists of three largely planar zones striking N45°E with 
different dips. Between the trench and the coast, the plate dips at 3-5° (DAVEY et 
al., 1986; BANNISTER, 1986). From just onshore, the dip increases to 20-30°. The 
dip then changes to about 50° beneath the current volcanic front at a depth of 
about 70 km (REYNERS, 1980; ADAMS and WARE, 1977). Maximum depths of 
intermediate events shallow from more than 300 km at latitude 37°S to about 
200 km at latitude 41 0S (ANSELL and ADAMS, 1986). Directly beneath the deepest 
of the intermediate depth events at latitude 39°S there have occurred a few events 
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Morphology of the subducted Pacific plate at the Hikurangi Margin. Dashed lines show the median 
depths of intermediate depth seismicity (ADAMS and WARE, 1977). Bold lines are the plate interface as 
interpreted by: BANNISTER (1986)-B; CHONG (l982)-C; REYNERS (l980)-Re; KAYAL (1984)- K; 
ROBINSON (l986)- Ro. Dot-dash lines are multi-channel seismic lines (MCSL, DAVEY et al., 1986 and 

DAVEY, 1987). Bathymetry in meters. For latitude and longitude grid see Figure 4. 



Vol. 129, 1989 Subduction at Hikurangi Convergent Margin 207 

at 600 km (e.g., ADAMS and FERRIS, 1976). These are possibly the remains of a 
previous subduction episode. 

The subducted plate is also divided laterally by tears or faults that accommodate 
the varying deformation along the margin. The best defined tear in the plate occurs 
at the south end of the North Island (ROBINSON, 1986). Its strike is NW-SE (the 
dip direction of the subducted plate) with the southwest side downthrown an 
average of 7 km. Also, the strike of the deepest part of the southwestern portion of 
the plate is more northerly (see Figure 2). These distortions in the subducted plate 
show clear correlations with seismicity in the overlying Australian plate, with 
topography, and with gravity anomalies. Similar down-dip tears in the subducted 
plate have been suggested 200 km to the northeast of Wellington (REYNERS, 1983), 
and in northern Hawke Bay (BANNISTER, 1986). 

Stress Regime 

Seismic activIty beneath Wellington defines two parallel zones separated by 
about 20 km, the lower zone being much less active and perhaps merging with the 
upper zone at a depth of 80 to 90 km (ROBINSON, 1986). The upper envelope of the 
upper zone is interpreted as the plate interface, because its position is similar to that 
of a strong reflector identified under Wellington (DAVEY and SMITH, 1983b), and 
focal mechanisms of earthquakes in the upper zone indicate intraplate stresses, 
rather than shallow-angle interplate thrusting. A similar double-zoned structure is 
seen farther north (latitude 400S; REYNERS, 1980) and. in the following discussion 
of the stress regime of the Pacific plate, events have been ascribed to the upper or 
lower zone, depending on whether they are less or more than 15 km below the plate 
interface. 

The dominant feature of the fault-plane solutions of earthquakes in the upper 
zone is that the T-axis is oriented down the dip of the subducted plate. The P-axis 
direction is more variable, though there is a general tendency for it to move from 
being perpendicular to the plate interface (normal faulting) to being parallel to it 
(strike-slip faulting in the plane of the subducted plate) as the plate deepens. 
Earthquakes in the lower zone also consistently show the T-axis oriented approxi
mately down the dip of the subducted plate, while the P-axis again shows greater 
variabili ty. 

Stresses deeper in the subducted plate have been investigated by HARRIS 
(1982a,b), who studied the mechanisms of intermediate depth events between 
latitudes 38°S and 400S. Most of these events fit a mechanism which has the P- and 
the T-axis in the plane of the dipping seismic zone, the T-axis being rotated 
clockwise 30° from directly down-dip. Twenty percent of events have a down-dip 
T-axis and a P-axis perpendicular to the earthquake zone. The similarity of these 
mechanisms to those found in the lower and upper zones under Wellington has led 
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ROBINSON (1986) to suggest that the double seismic zone may extend to depths of 
200 km or so, although ANSELL and SMITH (1975) have shown that the whole zone 
is only about 9 km thick at depths below 100 km. 

In the overlying Australian plate, the stress regime is dominated by strike-slip 
faulting with subhorizontal compression in an E-W to SE-NW direction except that 
in the central North Island the stress regime is modified by active back-arc opening 
in the Central Volcanic Region. This compression tends to confirm the suggestion 
(WALCOTT, 1978) that the plate interface is currently locked, at least in its 
shallowest portion, in the southwest. The pervasive down-dip tension in the 
subdue ted plate is assumed to be due to slab pull. In contrast to other subduction 
zones, very few interplate thrusting events have been identified. In the northeast, 
however, a possible interplate thrust event (ML = 6) has been observed (WEBB et 
al., 1985). 

Velocity Structure from Inversions 

Arrival-time data from microearthquake surveys have been used by BANNISTER 
(1986), CHONG (1982) and ROBINSON (1986) to perform velocity inversions in 
northern and southern Hawke's Bay and Wellington, respectively (see Figure 2 for 
their survey areas). Chong and Bannister used Sp converted phases to constrain the 
positions of some of the interfaces between regions of different velocity, while 
Robinson inferred the positions of these interfaces from the seismicity distribution. 
The results of Bannister and Robinson are summarised in Figure 3. 

At Wellington, after further subdividing the two uppermost dipping layers 
(Figure 3a), Robinson estimates the crust of the subducted plate to be about 15 km 
thick. Bannister's results are more complicated. In the south of his survey region, 
the model is similar to that of Chong and the central part of Robinson's model. The 
subducted plate crustal thickness is about 11-12 km (Figure 3b). North of about 
39°S, however, the data require a velocity reversal at the plate interface: two 
possible interpretations are shown (Figures 3c, 3d). Bannister discusses the possibil
ity that the 3 km thick, low-velocity layer in Figure 3d represents sediment 
subducted with the Pacific plate. 

Historical Seismicity and Large Shallow Earthquakes 

The historical period of New Zealand's seismic history is normally taken to 
begin about 1840 from which time European colonisation proceeded apace. The 
most recent catalogue of large historical events was published by SMITH and 
BERRYMAN (1983). Details of how magnitudes were assigned to the pre-1900 
(pre-instrumental) shocks are given in SMITH and BERRYMAN (1986). ABE (1981), 
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ABE and NOGUCHI (1983a,b) and ABE (1984) have published self-consistent 
magnitudes of large shallow earthquakes and thereby provide a catalogue of 
post-1900 shocks of Ms ~ 7 which appears to be complete for New Zealand. 

Figure 4 shows the distribution of earthquakes of Ms ~ 7 since 1840 at the 
Hikurangi Margin. An attempt will be made to estimate the total coseismic slip per 
unit length of the plate boundary produced by these events. To do this, a number 
of assumptions must be made. There is little information available on the style and 
extent of faulting of these events. Few, if any, appear to be simple interplate 
thrusting events. Some primary faulting on-shore has been identified for about half 
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the events (Figure 4), and this typically shows both thrust and strike-slip compo
nents. For example, the largest event (1855) apparently produced 12 m of dextral 
and 2.7 m of vertical displacement on a NE striking fault (STEVENS, 1974, p. 62). 
An area of at least 3000 km2 and perhaps more than 6000 km2 was uplifted, 
suggesting a significant component of low-angle thrusting. 

Unpublished modeling of level changes produced by the 1929 and 1931 events 
(pers. comm. A. J. Haines, 1987) shows that these were dominantly thrusts with 
significant strike-slip components, on faults dipping at about 60°. The slip vector for 
the 1931 event is approximately parallel to the plate convergence direction, as is that 
for the 1888 event which produced a maximum of 2.4 m of dextral displacement and 
negligible uplift (FREUND, 1971). In contrast, the 1968 Ms 7.1 event was almost a 
pure thrust. 

Mechanisms of other events are completely unknown. It is strongly suspected from 
its position and macro-seismic effects (BULLEN, 1938) that at least one, 1934, may 
have be'en a large normal faulting event within the subducted plate, but there is no 
direct evidence for this. Similarly, the events in the west (1843, 1868 twice, and 1897) 
may have been normal faulting events associated with the postulated down-buckling 
of the overlying plate (see below: "Crustal structure of the back-arc region"). 
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It follows that the subsequent analysis is highly uncertain, but the principal 
conclusion that will be drawn, namely that there was markedly less coseismic strain 
release in the NE part' of the margin, could be obtained qualitatively by inspection 
of Figure 4. To quantify this difference, magnitudes have been converted into 
seismic moments and the moments summed. In the absence of direct evidence that 
any particular event should be excluded, all historical shallow events of Ms ~ 7 will 
be included in the summation. Published Ms values have been used where available, 
otherwise SMITH and BERRYMAN'S (1983) values have been used. Ms has been 
converted into moment using 

log Mo = 1.5Ms + 9.1, Mo in Newton-metre (Nm) (I) 

(after HANKS and KANAMORI, 1979). We also calculate pseudo-fault lengths from 

log Mo = 1.5 log S + log( 16 i1.(J /7n 3/2), (2) 

(KANAMORI and ANDERSON, 1975) where S is the fault area (m2) and i1.(J is the 
static stress drop (N/m2). This is valid for circular faults and a good approximation 
for elliptical faults with moderate length to width ratios (ESHELBY, 1957). The 
circular fault approximation is assumed for events of Ms ~ 7.8. For the one event, 
1855, that was larger, the whole brittle-elastic crust must have been broken and a 
constant width model is assumed. We also take i1.(J = 6 X 106 N/m2 (60 Bar), 
appropriate for an "average" event (KANAMORI and ANDERSON, 1975). Equations 
(I) and (2) can be combined to give fault area, and hence a representative fault 
length L, in terms of Ms: 

L = 2[ IO Ms - 4.2/n] 1/2 km, for Ms ~ 7.8, 

and 

L = 2[IOMs -4.2/35n] km, M s > 7.8. (3) 

In Figure 4, bold lines indicate where primary faulting was observed. Where 
none was observed, the pseudo-faults have been arbitrarily oriented NE-SW. The 
upper part of Figure 4 shows the summed scalar moment in 100 km wide strips. 
Note that some events have been deliberately and arbitrarily placed to make the 
resulting graph of accumulated moment appear uniform. Events repositioned to 
achieve this are 1855 (for the unobserved portion of faulting), 1843, 1863, 1897 and 
1934. In no case is this repositioning inconsistent with previously published 
positions for the events (e.g., SMITH and BERRYMAN, 1983). 

The graph of accumulated moments shows that the central 400 km of the margin 
could have experienced a very uniform rate of coseismic strain dissipation in the 
last 150 years. Taking the crustal thickness to be 35 km and f.1 = 4 X 1010 N/m2 for 
the whole crust, the average of 7 x 1020 Nm per 100 km in this region is equivalent 
to a slip of 5 m. This figure is exaggerated because no allowance has been made for 
vertical deformation which, as mentioned above, was significant or dominant in the 



212 E. G. C. Smith, T. Stern and M. Reyners PAGEOPH, 

largest three events (1855,1929,1931). On the other hand, on the assumption of a 
b-value of 1.0, events of Ms < 7 would have contributed about 20% to the total 
slip, and this will tend to offset the former effect. 

From geodetic data spanning almost 100 years, BIBBY (1981) calculated a slip 
rate of 53 ± 9 mm/a (azimuth 83° ± 10°) for the northeastern end of the South 
Island, i.e., the southwestern end of the region that has experienced 7 x 1020 Nm 
accumulated moment per 100 km. Also, the Australian/Pacific pole of MINSTER 
and JORDAN (1978) implies a convergence rate of 47-57 mm/a (azimuth 90°) at the 
Hikurangi Margin (Figure 1). The seismicity thus accounts for about 100 years 
worth of accumulated strain. 

At the ends of the central region, strain dissipation was less. At the southwestern 
end there appears to be a steady reduction in seismic strain dissipation, marking the 
transition from the region where there is subduction to the central South Island 
region where continental rocks collide at the plate boundary (Alpine Fault). On this 
portion of the boundary, no historical earthquake has reached Ms = 7, but there is 
abundant geological evidence of movements of several metres on the Alpine Fault 
in the last few thousand years (e.g., BERRYMAN, 1979; HULL and BERRYMAN, 
1986). 

At the northeastern end there is an abrupt diminution of seismic strain release. 
Only one event of Ms ~ 7 has been observed in historical times, although SMITH 
and BERRYMAN (1983) judge an event in this region, on 1914 October 6, to have 
been larger than the Ms = 6! calculated by RICHTER (1958). It is possible that 
significant pre-instrumental shocks could have occurred off-shore in this region and 
produced sufficiently low felt intensities to be considered only moderately sized 
events. Alternatively, like the central South Island, the region may have suffered no 
major shocks at all since 1840. 

There are two other pieces of evidence that support the idea that the region 
northeast of the 1931 event might be different in its seismic behaviour from the 
adjacent region to the southwest. First, while the rest of the Hikurangi Margin 
shows a large number of recently active faults, there are almost none in the 
northeastern portion (Officers of the N .Z. Geological Survey, 1983). This supports 
the idea that here the seismic deformation occurs principally offshore. Second, the 
relative seismic quiescence of the northeastern region and back-arc processes to the 
west may be causally related. Both terminate at about latitude 39°S. This relation
ship will be further pursued later. 

Earth Deformation 

Repeated triangulations cover a substantial part of the Hikurangi Margin and a 
number of workers have inferred horizontal strain rates from these data. In a recent 
study, WALCOTT (1984) discusses the kinematics of the plate boundary zone and 
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includes a comprehensive bibliography. His interpretation of the data is shown 
in Figure 5. WALCOTT (1978) has shown that the pattern of horizontal strain 
within the Hikurangi Margin has shown changes following large earthquakes. 
Since about 1920, the southwestern portion of the region, including the source 
region of the 1855 earthquake (Figure 4) has been subjected to compression in a 
WNW-ESE direction with a maximum shear strain rate of about 0.45 x 10-6 

radian/a. In the northeast, however, the principal axis of compressive horizontal 
strain is oriented NE-SW, with a maximum shear strain rate of about 0.34 x 10 - 6 

radian/a. Walcott has further shown that in the region northeast of the 1931 shock, 
the principal axis of horizontal compression was oriented roughly NW-SE before 
1931 and adopted its current orientation following the 1931 event. He has con
cluded that following the large earthquakes of the 1930s, the northeastern portion 
of the plate interface has been essentially unlocked and therefore has dissipated the 
relative plate motion both seismically (through small-to-moderate earthquakes), 
and aseismically, while the southwestern portion has been locked and accumulating 
strain. 

Recent vertical deformation determined from geological observations is also 
shown in Figure 5. At the southwestern end of the Hikurangi Margin, uplift rates 
of 5 to 7 mm/a at the axes of the Kaikoura Ranges are exceeded in New Zealand 
only by the 10 mm/a rate in the Southern Alps (WELLMAN, 1979). The high uplift 
rate of the Kaikoura Ranges supports the idea that there is considerable resistance 
to subduction at the southwestern end of the margin. 

Figure 5 
Deformation. Bars indicate direction of principal axis of horizontal compression, accompanying numbers 
are maximum shear strain rates (10 - 8 radian/a) (from WALCOTT, 1984). Shading indicates regions with 

uplift of more than I mm/a (WALCOTT, 1987). 
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In the North Island, a maximum uplift rate of 4 mm/a has been found at the 
southern end (WELLMAN, 1972; GHANI, 1978), and PILLANS (1986) found rates of 
more than 3 mm/a in the axial ranges in the northeast, where the geodetic ally 
observed relative extension is perpendicular to the axis of the ranges. WALCOTT 
(1987) shows that it is feasible that the Australian plate is underplated with a 
proportion of the large volume of sediments in the Hikurangi Trench (next section) 
and that the uplift could consequently result from isostatic adjustment. The 
subduction of large quantities of sediment in the northeast is supported by 
BANNISTER'S (1986) velocity model (Figure 3d). An alternative explanation for the 
uplift invoking plutonism would appear to be ruled out by the low average heatflow 
of about 40 mW/m2 in the forearc basin and the axial ranges (PANDEY, 1981). 

The Hikurangi Trench and Accretionary Prism 

Marine seismic and other data have provided information about the structure 
and development of the off-shore part of the Hikurangi Margin. In particular, the 
southwestern portion (south of latitude 39°S) has been well surveyed and a recent 
multi-channel reflection profile at about latitude 410S has shown sediment-covered 
Pacific crust dipping northwest under the accretionary prism between the trench and 
the coast, where the Pacific crust is about 14 km deep (DAVEY et al., 1986). This 
profile and other data (e.g., COLE and LEWIS, 1981; LEWIS and BENNETT, 1985) 
reveal that the prism contains numerous southwest striking thrusts separating 
partially sedimented basins, and antithetic normal faults. The sedimentation rate 
has probably increased throughout the Cenozoic (WALCOTT, 1987) and the thick
ness of sediments lying in the Hikurangi Trench is more than 3.5 km at latitude 400S 
(LEWIS and BENNETT, 1985, their Figure 13). The sediment thickness further north 
is not known but is probably not greater than 1.5 km. 

The width of the prism varies from about 70 km at the southwestern end to a 
maximum width of 160 km at latitude 41°S (LEWIS and BENNETT, 1985). There
after, the prism narrows to about 70 km north of 39°S. An increase in maximum 
water depth parallels the decrease in sediment thickness: from 2800 m at 42°S 
(CARTER, 1980) to about 3500 m north of 39°S. From isostasy, each kilometre of 
extra sediment (density 2.2 Mgm/m3) can be expected to decrease the water depth 
by about half a kilometre, so the increase in water depth is roughly in accord with 
the decrease in sediment thickness. The changing width of the accretionary prism is 
equivalent to the strike of the trench slowly changing from an average of about 
N600E south of 41 oS to N200E north of 39°S. Note that a much smaller change in 
the strike of the Benioff zone below 100 km is observed between latitudes 37°S and 
42°S (ADAMS and WARE, 1977; isobaths Figure 2). The variation in the strike of 
the trench has been attributed to variations in deformation styles and rates in 
different segments of the subducted plate (KATZ, 1982; REYNERS, 1983). 
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Little is known of the lithospheric structure east of the Hikurangi Trench; in 
particular, crustal thickness and age are not known. The seismic Pn and Sn 
velocities have been estimated using earthquake arrival times by HAINES (1979) for 
the region between the east coast of the North Island north of 39°S and the 
Chatham Islands (Figure 1), i.e., over a range of more than 700 km. The results, 
8.0 ± 0.1 kmjs (Pn) and 4.55 ± 0.1 kmjs (Sn) are similar to the values Haine~ found 
for the central South Island and the Pn velocity is similar to that observed 
(unpublished data) for the region south of the Chatham Rise (Figure 1). Haines 
and others (e.g., KAYAL and SMITH, 1984; ROBINSON, 1986) have found upper 
mantle Pn velocities of 8.5-8.7 kmjs for ray paths along the east coast of the North 
Island, which have usually been interpreted as evidence for the presence of 
"standard" oceanic upper mantle under the east coast (KOSMINSKAYA and KAPUS
TIAN, 1976; HAINES, 1979; ROBINSON, 1986). There are three possible ways to 
reconcile the difference in seismic velocity between the east coast North Island and 
the area east of the Hikurangi Trench: 
(i) the two regions have essentially different lithosphere, so that the lithosphere 

now arriving at the trench is different from that which immediately preceded it; 
(ii) the difference is due to anisotropy; 
(iii) phase changes at shallow ( < 50 km) depth have occurred and produced the 

high-velocity mantle layer. 
It is difficult to reconcile suggestions (i) and (ii) with plate reconstruction 

models. Prior to its subduction, the material currently exhibiting intermediate depth 
seismicity under the North Island was immediately west of the lithosphere currently 
at the Hikurangi Trench (ANSELL and ADAMS, 1986). Plate reconstructions for the 
Southwest Pacific show isochrons generally trending northeast (e.g., MOLNAR and 
ATWATER, 1978; SCHROEDER, 1984) so that although the age and evolution of the 
Pacific plate between the Louisville Ridge and Chatham Rise are poorly known, it 
is likely that the pre- and post-subduction lithosphere had the same genesis. 

Similarly, if the region were to have spread from a northeast striking ridge, one 
might expect higher P-wave velocities in a NW-SE direction than NE-SW (e.g., 
CLOWES and Au, 1982), which is the opposite of what has been observed. 

The other source of information about the structure of the subducting litho
sphere comes from water depths. Between the Hikurangi Trench south of 400 S and 
the Chatham Rise, water depth is less than 3000 m, and for the adjacent region 
north of 40"S it is about 3500 m. By way of comparison, the water depth is 5500 m 
on the Pacific side of the Kermadec Trench. To account for the difference in water 
depth by sedimentation would require > 4000 m of sediments, implying a sediment 
volume eight times that of supermarine New Zealand (REILLY, 1965). It is likely, 
therefore, that some of the shallowness of the water is due to a crust that is thicker, 
even without sediment, than normal oceanic crust (6-7 km). A I km thickening of 
ocean crust can be expected to produce about ~ km shallowing of the water depth. 
Thus the water depth east of the Hikurangi Trench implies a crustal thickness of, 
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for example, 14-17 km with no sediment or, with 2 km of sediment, 10-13 km 
exclusive of the sediment. 

These values are similar to ROBINSON'S (1986) and BANNISTER'S (1986) esti
mates of 15 km and 11-12 km for the thickness of the crust of the subducting plate 
at latitudes 41°S and 39°S respectively, and it must be concluded that not only 
is thicker than normal oceanic crust adjacent to the trench but from Robin
son's results it follows that such crust has been subducting for at least the last 
2-3 Ma. 

Back-arc Structures Associated with the Hikurangi Margin 

Behind the northeast section of the Hikurangi Margin (north of 39°S) there is 
a linear calc-alkaline volcanic are, and behind the arc there is a wedge-shaped basin 
of predominantly Quaternary rhyolitic volcanism-the Central Volcanic Region 
(CVR-Figure 6). Its western boundary largely coincides with the apparent position 
of a 4 Ma old arc of andesitic volcanoes (CALHAEM, 1973) and its eastern boundary 
coincides with the line of active or recently active andesitic to dacitic volcanoes-the 
Active Volcanic Front of ADAMS and HATHERTON (1973). Sharing this boundary 
with the CVR is the Taupo Volcanic Zone which makes up the eastern half of the 
CVR and contains most of the rhyolitic volcanism active within the last 1 Ma, and 
nearly all the economically important geothermal fields. However, various geophys
ical studies of crust and upper mantle structure indicate that the CVR is the 
principal volcano-tectonic structure in the central North Island (STERN, 1985; 
STERN and DAVEY, 1987). 

KARIG (1970) described the CVR as an apparent extension of the Havre 
Trough, the oceanic back-arc basin of the Kermadec system, into New Zealand. 
Geodetic data show that the CVR is currently widening at about 12 mmja at the 
coast (WALCOTT, 1987). After a presentation of crustal structure and heatftow data, 
STERN (1985) argued that the CVR is an active back-arc basin that has formed 
within continental lithosphere. By virtue of the CVR being above sea level, and 
containing economically important geothermal resources that are being extensively 
exploited, it is one of the better studied back-arc basins of the world. 

Although subducted plate is present as far south as 42°S, no volcanic arc or 
extensional volcanic graben exists behind the fore-arc south of 39°S. Instead, there 
is a broad basin contining 4-5 km of shallow marine Plio-Pleistocene sediments 
(Figure 6). This is the South Wanganui Basin described by HUNT (1980) and 
ANDERTON (1981). As will be discussed, the development of this basin in both 
space and time appears to be controlled by the underlying subducted Pacific plate. 
Thus the basin qualifies as a back-arc basin by the definition of TAYLOR and 
KARNER (1983)-"a marginal basin located behind an active or inactive trench 
system and whose origin is inferred to be subduction related." 
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Map of the North Island showing the distribution of andesites, Quaternary rhyolite and principal 
sedimentary basins. Also shown are three depocentres for the South Wanganui Basin (after ANDERTON, 
1981) with the time spans for each centre being: DI = 5- 3.5 Ma B.P. 02 = 3.5- 1 Ma B.P. and 
03 = I Ma- present. The resultant vector represents depocentre migration from 5 Ma 8.P. to the present. 
The vector representing low-potash andesite migration is after CALHAEM (1973) and covers the period 

4 Ma to the present. 
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Volcanic Basins 

Figure 6 shows the distribution of Cenozoic volcanism and major Plio-Pleis
tocene sedimentary basins of the North Island. Within Northland outcrops of 
calc-alkaline andesite and basaltic volcanism are found interspersed among older 
volcanics of an obducted ophiolite sequence (BROTHERS and DELALOYE, 1982) and 
Permian-Triassic basement greywacke. A number of workers have noted an appar
ent migration of the low-potash andesites southeastwards through the Northland
Auckland peninsula with time (e.g., KEAR, 1959; HATHERTON, 1969). With the 
availability of K-Ar dates of these andesites, various plate reconstructions have 
been developed that either take the plate boundary during the Tertiary as being 
adjacent and parallel to Northland (e.g., CALHAEM, 1973; COLE and LEWIS, 1981; 
WALCOTT, 1987), or that a substantially shallower dipping Pacific plate extended 
beneath Northland from the current plate boundary (BROTHERS and DELALOYE, 
1982). 

Regardless of what the exact orientation for the plate boundary was, two points 
should be noted. First, the Northland-Waikato area has been subjected to up to 
18 My of volcanism and, presumably, thermal weakening of the lithosphere, and 
second, there has been a rapid migration of the andesite arc across the CVR 
compared to that within Northland-CALHAEM (1973) estimates the present-day 
rate of movement at the Bay of Plenty coast to be about 33 mm/a. 

Drilling for exploration and exploitation of geothermal power within the CVR 
over the past 20 years has provided a great deal of stratigraphic data. About 10 drill 
holes have gone deeper than 2 km, and these show predominantly rhyolitic material 
in the form of ignimbrite sheets within the upper 1500 m or so, and then an 
increasing amount of dense volcanic rocks, particularly andesite, below 1500 metres. 
A west-east cross-section of drill hole stratigraphy across the CVR is given by 
STERN (1986). Mesozoic greywacke has been encountered at the base of some holes 
that are within 6 km of the eastern boundary of the CVR but no sedimentary 
basement rocks have been encountered in drill holes elsewhere within the CVR. The 
deepest hole to date terminated in a quartz diorite at a depth of about 2.8 km 
(WOOD, 1986). 

Sedimentary Basins 

Southwest of the CVR there is the Miocene-Quaternary Wanganui sedimentary 
basin (Figure 6). The Wanganui basin is divided stratigraphically into northern and 
southern sections. Data from numerous multichannel seismic reflection surveys in 
the South Wanganui Basin have been collated, analysed and summarized by 
ANDERTON (1981). His analysis shows the basin has developed by p~ogressive 
subsidence and on-lap to the south while emerging and off-lapping to the north. The 
coast to the south of Mt Ruapehu (Figure 6) is currently being uplifted (PILLANS, 
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1983). Further south, the Marlborough Sounds (Figure 6) have recently subsided. 
The maximum sediment thickness within the South Wanganui basin is 4-5 km 
(ANDERTON, 1981; HUNT, 1980). 

Anderton also mapped three depocentres, on the basis of characteristic seismic 
horizons, showing a movement of the depocentres over the last 5 My that parallels 
the motion of the Active Volcanic Front (Figure 6). This association of depocentre 
migration with the low-potash andesite axis suggests that the development of the 
Wanganui Basin is intimately related to movement of the underlying subducted 
plate. 

Heatflow 

Figure 7 displays a comparison of heatflow (PANDEY, 1981) and Pn velocity 
(HAINES, 1979) provinces for the North Island. A heatflow profile across A -A I (of 
Figure 6) for the North Island would show the classic subduction zone pattern of 
low heatflow between the trench and the volcanic are, then high heatflow over and 

Heat flow (mW/m2) Velocity of Pn(km/s) & "" ratiO 

• I heat flow site • = permanent seismograph 

,.' 

altenuatlng/transmltting 

,,' 

.,' 

Figure 7 
A comparison of heatflow (after PANDEY, 1981) and Pn-velocity (after HAINES, 1979) provinces of the 
North Island. yn refers to ratio of Pn to Sn seismic velocity. The attenuating/transmitting boundary is 

explained in the text (after MOONEY, 1970). 
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behind the arc (WATANABE et al., 1977; ZIAGOS et al., 1985). However, a distin
guishing feature of the North Island profile is the remarkably high heat-flow in the 
CVR. 

Heat output from the CVR is almost totally expressed in the discharge of hot 
water and steam from hydrothermal systems (STUDT and THOMPSON, 1969; 
DAWSON and DICKINSON, 1970). Adding 400 MW of natural heat output from the 
recently discovered Mokai field (BIBBY et al., 1984) to the natural heat output of 
3.9 x 109 watts for the other hydrothermal systems (CALHAEM, 1973), and taking 
an area of convection for the hydrothermal systems of 5000 km2 (STERN, 1985), a 
value of 860 mW/m2 for the average heatflow is obtained. This is necessarily a 
minimum value as it is possible that other "hidden" geothermal fields, similar to 
Mokai, exist. 

An average heatflow value of 860 mW/m2 is, as far as we are aware, one of the 
highest reported for a back-arc basin. This may be because most back-arc basins are 
oceanic and therefore covered by a shallow ocean that effectively masks the true 
heat output, thus resulting in an underestimate of the heatflow (SCLATER et al., 
1980). 

Another feature of the CVR is the asymmetry in the distribution of both ages 
of low-potash andesites and centres of heat discharge; this asymmetry is demon
strated in Figure 8 which shows the apparent positions of the Active Volcanic Front 
at 4 Ma, 2 Ma and currently. Also shown is the distribution of geothermal fields on 
the eastern side of the CVR and the proposed downflow region as roughly outlined 
by heatflow sites that show a zero geothermal gradient (STUDT and THOMPSON, 
1969; THOMPSON, 1977; STERN, 1985). Other geophysical properties of the CVR 
such as micro- and macroseismicity (EVISON et al., 1976; SMITH and WEBB, 1986) 
and resistivity (HATHERTON et ai., 1966), also display an asymmetry. This inherent 
asymmetry suggests that the back-arc opening is not taking place symmetrically 
about a central spreading centre, which is the commonly adopted model for oceanic 
back-arc basins (WEISSEL, 1981). Moreover, the complexity is further demonstrated 
by the large strike-slip component in the focal mechanisms of small earthquakes in 
the crust of the CVR (SMITH and WEBB, 1986), and a delay-time and attenuation 
profile at the southern end of the CVR by ROBINSON et al. (1981) that found no 
extensive volume of partial melt in the mantle. 

Pn Velocities and Attenuation 

A comparison between the various heatflow and Pn-velocity provinces (Figure 
7) demonstrates a broad similarity in province boundaries and an apparent inverse 
relationship between heatflow and Pn velocity. Within continental United States, 
BLACK and BRAILLE (1982) note such a relationship between heatflow and Pn 
velocity and therefore suggest some dependance of Pn velocity in temperature. 

Also shown on Figure 7 is the attenuating/transmitting boundary found by 
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Map showing the overall asymmetry in the distribution of low-potash andesite ages and geothermal areas 
(modified from STERN, 1985). K- Ar ages of andesites adjacent to and within the Central Volcanic 
Region are from CALHA EM (i973). Apparent positions of the Active Volcanic Front at 4, 2 and 0 

Ma B.P. are shown. 

MOONEY (1970) and supported by HAINES (1981). At this boundary there are 
major changes in the geophysical properties here considered-volcanism, heatflow, 
seismic velocity-and also in the gravity anomaly field (HATHERTON, 1970). 
Mooney found that to the north and west of the boundary, earthquake waves that 
had traversed the upper mantle had their high frequency content attenuated, while 
south and east of the boundary attenuation was much less. Thus the upper mantle 
in the northwest North Island has a classic back-arc low-Q zone (OLIVER and 
ISACKS, 1967), while the southwestern part does not. 

Crustal Structure of the Back-arc Region 

The state of knowledge of crustal structure within the North Island is sum
marised in STERN et al. (1986). More recently the two multichannel seismic 
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reflection profiles shown in Figure 2 have significantly extended our understanding 
of the crustal structure in these areas. 

Figure 9 is a cartoon profile across A -A ' of Figure 6 that summarizes this 
knowledge. In the CVR, the crust is interpreted to be only 15 km thick and the Pn 
velocity is correspondingly low (7.4-7.5 kmjs). West of the CVR the crust is about 
25 km thick, also thinner than the continental norm (35 km). Upper mantle P-wave 
velocities are 7.6 kmjs at a depth of 25 km increasing steadily to 7.9 kmjs at a depth 
of about 45 km (STERN et al., 1987). HAINES (1979) also found a Pn velocity of 
7.9 kmjs in this region. 

Two gravity interpretation profiles along A -A' and B-B' of Figure 6 are shown 
in Figures 10 and 11 . The areas of thin crust and low upper mantle seismic velocities 
(and hence densities) of the central and western North Island in profile A-A' are 
constrained by the seismic refraction data already discussed. The regions with thin 
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Figure 9 
A cartoon cross-section along A -A ' of Figure 6 showing crustal and upper mantle structure and the 
inferred position of the subducted Pacific plate. Crustal and upper mantle structure for the CVR and the 
western North Island are from STERN and DAVEY (1987) and STERN el 01. (1987). Velocity structure 
beneath the eastern North Island is given by the velocity inversions shown in Figure 3 with the 8.1 km/s 
Pn velocity coming from HAINES (1979). Earthquake hypocentres and position of the subducted plate 

are from REYNERS (1980). Note that Reyners profile is 50 km SW of A -A ' . 
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An interpretation of Bouguer gravity anomalies along profile A -A' of Figure 6. Density contrasts are 
calculated with respect to the standard density model. The portion of the subducted plate in the depth 
range of 100-250 km is assumed to have a constant density contrast of 0,02 Mg/m3 , 10 JlN/kg = I mgal. 

crust are modelled as being locally isostatically compensated (compensation depth 
of 100 km) with respect to the standard density model shown in Figure 10. 

Profile B-B' (after STERN et ai., 1986) passes through the centre of the South 
Wanganui Basin where seismic refraction control on crustal structure is less. 
However, deep multichannel seismic reflection data shows a downwarping of the 
Moho to about 40 km beneath the basin that appears to roughly parallel the 
basement-sediment boundary (DAVEY, 1987). Thus a tectonic interpretation of 
the gravity model in Figure II is that there has been a downward flexing of the 
lithosphere caused by either a mechanical or a hydrodynamical coupling between 
the Australian and Pacific plates. 

The difficulties and ambiguities of using gravity data alone to model subducted 
plates are well known (WATTS and TALWANI, 1974, 1975; CHAPMAN and TALWANI, 
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Interpretation of Bouguer anomalies along profile B-B' of Figure 6. The same basic model for the 
subducted Pacific plate is used as in Figure 10. Density contrasts in Mgjm3 are with respect to the 

standard density model shown in Figure 10. 

1982). In particular, the depth at which oceanic crust melts and changes phase to 
form denser eclogite is poorly known (RINGWOOD, 1977; ANDERSON et al., 1976; 
IDA, 1983). Nevertheless, profiles A -A' and B-B' show that grossly different crust 
and upper mantle structures occur above adjacent portions of the same subducted 
plate, and these structures contribute more to the gravity anomaly field than do 
mass anomalies associated with the subducted plate itself. 
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Discussion 

We shall now attempt to synthesize the results so far described to give a broad 
description of the Hikurangi Margin and attempt a comparison with other subduc
tion systems after the manner of RUFF and KANAMORI (1980), who neatly 
characterised subduction zones by their plate convergence rates, subducting plate 
age, maximum magnitude of shallow earthquakes, and whether or not back-arc 
basins exist (see Figure 12). 

The part of the margin northeast of 39°S has some of the characteristics of a 
standard subduction zone with active back-arc opening. The wedge-shaped CVR 
appears to indicate the extent of the opening (Figure 8) in the last 4 Ma. The plate 
convergence rate is about 55 mm/a which is less than that of a number of 
subduction zones with back-arc basins (Figure 12) and the largest known earth
quake in this region has an Ms of only 7. The age of the subducting lithosphere is 
not known. Magnetic anomalies at the southern end of the Louisville Ridge indicate 
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Figure 12 
Relationship between age, convergence rate and magnitude at subduction zones, showing possible 
positions of the NE and SW segments of the Hikurangi Margin. Data other than for Hikurangi Margin, 
and interpretation reproduced from RUFF and KANAMORI (1980). Solid and open symbols denote 
subduction zones with and without back-arc basins. Bars indicate range of ages, from ScLATER et af. 
(1980), -that would correspond to a water depth east of the Hikurangi Trench corrected for an assumed 
3 km of sediment. The rate is taken to be the component of the plate convergence rate perpendicular to 

the margin. 
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that the age there is about 72 Ma (CAZENA VE and DOMINH, 1984) and MOLNAR 
and ATWATER (1978) have estimated the age of Pacific lithosphere adjacent to 
the Kermadec Trench to be 100 ± 20 Ma. An age in the range of 60-100 Ma would 
be consistent with the water depth there of 5500 m. However, a water depth of 
3500 m, as it is in the northeast part of the Hikurangi Trench, over "normal" 
oceanic lithosphere would imply an age of only about 10 Ma (SCLATER et al., 
1980, or SCHROEDER, 1984, for a treatment of the Pacific Ocean). Since age is used 
by Ruff and Kanamori as a measurable substitute for negative buoyancy, and 
negative buoyancy and water depth are related by isostasy, it could be argued that 
the "effective" age of 10 Ma should be used to plot the northeastern Hikurangi 
section on Figure 12. This would place the system near SW Japan and Juan de 
Fuca, away from the group of systems where back-arc opening is or has been 
occurring. 

There are two difficulties with this interpretation. First, the plate convergence is 
an inappropriate measure of the horizontal component of the subduction velocity 
when convergence is oblique; the down-dip component of convergence, about 
40 mm/a, should be used. Second, it is not known how much of the sediment that 
contributes to the negative buoyancy of the subducted plate is scraped off to form 
the accretionary prism or is underplated to the Australian plate crust. To obtain an 
upper bound on the effective age of the subducting plate in the northeast, assume 
that all the sediment (3 km) is removed from the crust in Bannister's model (Figure 
3d), leaving a residual crustal thickness of 8-9 km, about 2 km more than normal. 
This crust could have been expected to have lain in about 5000 m of water (500 m 
shallower than the Kermadec system) and such a water depth is consistent with 
oceanic crustal ages in the range 40-60 Ma (SCLATER et al., 1980). This would place 
the northeastern portion of the Hikurangi Margin close to other systems exhibiting 
back-arc opening (Figure 12). 

In the southwest there are none of the symptoms of rifting, although there is a 
back-arc basin of nonvolcanic, nonextensional character. The southwestern portion 
of the subducted plate shows evidence of being rather more buoyant: the water 
depth adjacent to the trench is less, the sediment in the trench is thicker, the coastal 
uplift rate is greater and the estimate of the subducted plate crustal thickness is 
greater. At the same time, the rate of convergence and hence component of the rate 
of convergence down-dip is a little less; about 35 mm/a. This will tend to counter
balance the increased buoyancy. However, it would appear that the southeastern 
part of the Hikurangi Margin would probably fall outside the boundary of the 
systems with back-arc opening in Figure 12. Therefore, in view of the likely 
continuation of very buoyant lithosphere arriving at the trench for future subduc
tion, it must be speculated, as an alternative to the suggestion of STERN et al. 
(1986), that back-arc opening is unlikely to proceed much further south in the 
Hikurangi system than its current limit-about 39°S. 
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Concluding Remarks 

Although some aspects of the structure and behaviour of the Hikurangi Margin 
are well understood, a number of problems remain. The single experiment that we 
feel would most extend our knowledge would be the determination of the crustal 
structure, age, and possibly anisotropy of seismic velocities of the lithosphere east 
of the Hikurangi Trench. With this information, a number of uncertainties about 
the subducted plate should be resolved. 

Another offshore region requiring further study occurs between the northeast 
end of the North Island and the southern termination of the Kermadec Trench. 
Little is known about this region of transition between the two subduction systems. 

The question of why the two back-arc basins are of such different character 
cannot be regarded as being settled. The change in crustal thickness, uplift and 
heatftow at about 39°S may result from a combination of a different chemistry of 
the subducted plate combined with asthenosphere flow induced by the back-arc 
opening, but detailed modelling is required before this explanation can be accepted. 

If the division of the Hikurangi Margin into two zones is accepted, then there 
are implications for the assessment of seismic potential in the two zones. The 
position of the NE zone in Figure 12 would suggest a smaller maximum possible 
earthquake and consequently a smaller potential than for the SW zone. This must 
be, however, regarded as being highly speculative and does not justify diminishing 
the current conservative assessment of risk in the NE zone (e.g., SMITH and 
BERRYMAN, 1986). 

Finally, and not least importantly, the very high heatflow observed in the CVR 
raises the question of whether this is normal for back-arc basins or an abnormality 
due to the encroachment of rifting into a continental lithosphere. If normal, it could 
have important implications for heat budget calculations for the earth (e.g., 
SCLATER et al., 1980). 
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An Unusual Zone of Seismic Coupling in the Bonin Arc: The 1972 
Hachijo-Oki Earthquakes and Related Seismicity 

TETSUJI MORIYAMA I, FUMIKO TAJIMA2 and TETSUZO SEN03 

Abstract-The 1972 February and December Hachijo-Oki earthquakes (Ms = 7.3 and 7.4), in the 
northernmost part of the Izu-Bonin subduction zone, are the only major events (Ms > 7.0) in the Bonin 
arc for the past 80 years. Relocation of the hypocenters, using one smaller event having a well
constrained focal depth as a master event, shows that the depth of the February event is lO km shallower 
than that of the December event. We have determined the rupture process for both events by minimizing 
the error in waveform between observed and synthetic seismograms. Although the number of available 
stations are limited, the depth range of the major energy release for the December event extends deeper 
than for the February one. The rupture propagated up-dip for both events. It is likely that the rupture 
zone of the two events overlapped, and that the December event ruptured the deeper part. This 
suggestion is consistent with the observation that the aftershock zones of both events overlap with that 
of the December event shifted landward. The waveforms of the December event have a smaller high 
frequency component than those of the February event, suggesting that the stress at the thrust zone 
became more uniform or reduced after the February event. 

No thrust type smaller event occurred near the rupture zone. Instead, the P-axes of smaller events 
are parallel to the dip of the slab and their T-axes dip to the southwest. Focal depths of these events 
estimated by P-wave forward modeling are generally between 40-50 km and located beneath the thrust 
zone. We thus interpret them as the events within the Pacific slab near the zone ruptured by the two 
major events. The stress concentration around the rupture zone of the major events is suggested to have 
triggered these slab events. After the occurrence of the large events, the slab events are concentrated near 
the deeper portion of the rupture zone. These events may have been caused by the loading of the 
down-dip compressional stress near the down-dip end of the rupture zone due to the rupture. The 
occurrence of the doublet of large earthquakes and a number of down-dip compressional events beneath 
their rupture zones in a shallow portion of the subducting slab indicates an unusual zone of seismic 
coupling in the Bonin arc, most of which is seismically quiescent. 

Key words: Bonin arc, Pacific slab, thrust zone, seismic coupling, Hachijo-Oki. 

1. Introduction 

The Bonin arc defines the northeastern boundary of the Philippine Sea plate. 

The seismic activity along this arc is rather low; no great earthquake (Ms > 7.8) has 
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been recorded for the past 90 years (SENO and EGUCHI, 1983), and the seismic 
moment release for the past 80 years is small (PETERSON and SENO, 1984). The only 
significant earthquakes along this arc are the 1972 Hachijo-Oki, off the coast of 
Hachijo island, earthquakes (doublet; February 29, Ms = 7.3 and December 4, 
Ms = 7.4) which occurred in the northernmost part of this subduction zone. Both of 
these events have thrust mechanisms (YOSHII, 1979b). Their source area south of 
the triple junction between the Japan and Bonin Trenches and the Sagami Trough 
thus seems to be a unique place of seismic coupling in the Bonin arc. We studied the 
source characteristics of these major events and nearby seismicity in the area shown 
by the box in Figure 1. The two Hachijo-Oki earthquakes occurred within the box 
and are indicated by the stars in Figure 1. 

We have also estimated focal mechanism solutions of smaller earthquakes near 
the source area and investigated their relationship to the major events and to the 
stress state of the Pacific slab. We find that the smaller events occur within the slab; 
no small thrust events are observed. The relationship between the thrust events and 
the nearby slab seismicity presumably reflects both the stress state of the slab and 
the effect of the interface. Study of the Hachijo-Oki area, an active seismic region 
in a generally quiescent subduction zone, provides insight into the interaction 
between thrust zone coupling and seismicity in the shallow part of the slab. 

2. Seismicity 

Figure 2 shows the seismicity along the Bonin arc in three different periods; 
from 1964 to 1970, from 1971 to 1973, and from 1974 to 1981. Only the events listed 
in the International Seismological Centre (lSC) Bulletins with twenty or more 
reported P-arrival times are plotted. The star indicates the epicenter of the 1972 
earthquakes. A number of aftershocks occurred near the epicenter (Figure 2b). 
Figure 2 indicates that the activity associated with the 1972 events is the only 
significant one along this arc. 

Figures 3a--e show the details of the seismicity in the study area indicated by the 
box in Figure 1. Only the events which are reported in the ISC Bulletins with ten 
or more P-arrival times are plotted. Figure 3a shows the seismicity for the whole 
period (1964-1983); the others show the seismicity for the periods before the 1972 
February event, between the 1972 February and December events, for one year 
after the December event, and from 1974 through 1983. The upper figure shows the 
epicentral distribution and the lower one shows a vertical cross-section in the 
direction perpendicular to the trench axis. Earthquakes with mb = 5.5 and above are 
marked with numbers which correspond to those studied and listed in Table 1. The 
aftershock areas of the two large 1972 events overlap each other; however, that of 
the December event (event 6) is located deeper in the down-dip direction, i.e., more 
landward of the February event (event 2, Figures 3c and d). In the vertical 
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( .. ,0 

\ .... " 

Figure I 
Bathymetric map of the northern Bonin arc (CHASE et aI., 1970). The study area indicated by the box 
is located south of the junction between the Japan and Bonin Trenches. The stars indicate the epicenters 

of the 1972 Hachijo-Oki earthquakes. 
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Table I 

Earthquakes analyzed in this study. 

Event Date Origin Time Lat. ("N) Lon. (DE) mb(lSC) 

No. I 65 Nov. 27 084224.1 33.01 140.94 5.5 
No.2 72 Feb. 29 09 22 59.3 33.38 140.97 6.5 
No.3 72 Mar. 02 20 1007.8 33.45 141.00 5.8 
No.4 72 Mar. 14 00 47 14.1 33.28 141.02 5.4 
No.5 72 Mar. 18 23 17 39.9 33.60 141.38 5.9 
No.6 72 Dec. 04 to 16 11.5 33.34 140.82 6.7 
No.7 73 Apr. 25 14 21 12.8 33.45 140.88 5.7 
No.8 73 Dec. 26 203005.2 33.46 140.98 5.6 
No.9 74 Sep. 27 03 to 06.3 33.67 141.30 5.7 
No. to 77 Feb. 18 20 51 30.4 33.15 141.06 6.0 
No. II 78 Oct. II 01 4900.4 33.47 140.95 5.9 
No. 12 80 Oct. 20 03 29 21.6 33.15 140.63 5.5 
No. 13 82 Feb. 20 19 1824.1 33.67 141.17 6.1 

The data; origin time, epicentrallocations and mb are obtained from ISC-Bulletins. Events 2 and 6 
are the Hachijo-Oki earthquakes. 

cross-section, the aftershock zones dip to the west and are centered around 50 km 
depth for the February event and slightly deeper for the December event (Figures 
3c and d). The focal mechanisms of the large 1972 events show thrust faulting with 
a shallow nodal plane dipping to the west (YOSHII, 1979b). Although the slip vector 
of the December event is not constrained well, that of the. February event, which is 
fairly well-constrained, is consistent with the predicted Pacific-Philippine Sea rela
tive motion (SENO, 1977). We therefore regard both events as representing under
thrusting of the Pacific plate beneath the Philippine Sea plate. 

Using an energy contour technique, TAJIMA and KANAMORI (1985) studied 
the spatial and temporal expansion pattern of the aftershock area of the 1972 
Hachijo-Oki earthquakes along with other large subduction zone earthquakes. As 
shown in Figure 4, the aftershock area expanded significantly for one year in a 
complex pattern (M. indicates the February event and M2 the December event). The 
aftershock area expanded slightly into the down-dip direction of the Pacific slab for 
the first 10 days, and then into the up-dip direction. In the later period the aftershock 
area also includes expansion to the west, leaving a small quiescent area near the 
impending December epicenter. For the period of one year after the February event 
the aftershock area filled the gap area and expanded into the up-dip direction. The 
ratio of the 100-day aftershock area to that of one day is about 2.5 and grouped into 
the highest class of expansion ratios among large subduction events. Since the 
December event and its aftershocks are included in the aftershock sequence of the 
February event, the one year expansion ratio is as large as about 5. Comparable high 
expansion ratios are obtained in the Solomon Islands and New Hebrides which reside 
in a complex tectonics boundary between the Pacific and Indo-Australian plates. 
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72 Hachijo-oki (51) 

136°e 143°E 
37°~r~~------T---~ 

, 
M, 

10 day 

200 km 
I I 

100 day year 

Figure 4 
The energy contour map for the aftershock sequence of the 1972 February Ms = 7.3 Hachijo-Oki 
earthquake at four different times: one day, ten days, one hundred days, and one year after the 
mainshock (TAJIMA and KANAMORI, 1985). M. indicates the February event and M2 indicates the 

December event. The pluses show smaller events. 

Figure 3 
Seismicity in the box shown in Fig. I. Only earthquakes with 10 or more P-arrival times reported in the 
ISC Bulletins are plotted. The upper shows the epicentral map and the lower shows the cross-section 
along A-B in the upper figure. The events with mb = 5.5 and above are indicated by the number listed 
in Table I. The two large 1972 events are indicated by the solid squares. (a): 1964-1983, (b) : 1964-1972 

Feb. 28, (c): 1972 Feb. 29-1972 Dec. 3, (d): 1972 Dec. 4-1973, (e) : 1974-1983. 



244 T. Moriyama et al. PAGEOPH, 

3. The 1972 Hachijo-Oki Earthquakes 

We relocated the hypocenters of the 1972 Hachijo-Oki events using a master 
event method. We used the April 25, 1973 mb = 5.7 earthquake (event 7 in Table I) 
as a master event because its P-arrival times have a good azimuthal coverage of 
stations. The epicenter of this event is from the ISC. We determined its depth to be 
51 km by forward modeling of P-waveforms, as described in the next section. In the 
master event relocation, we excluded stations that had P-arrival time residuals of 
more than 5 sec for the master event and those that had P-arrival time residuals of 
more than 3 sec for the two main events. The hypocentral parameters obtained from 
this relocation are listed in Table 2. The depths for both events are several km 
shallower than the ISC depths. The epicenters of these events moved only a few km 
from those of ISC. The hypocentral depth of the February event was determined to 
be 10 km shallower than that of the December event. Although it is not easy to 
estimate the absolute errors associated with these hypocenters, the deeper depth for 
the December event is consistent with the difference in aftershock distribution 
between both events (Figure 3); the aftershock area of the December event is 
located landward of that of the February event. We will see later that the 
body-wave analysis of these events also produces the difference in depth range of 
the rupture zone between these events, consistent with the above results. 

Figure 5 shows the long-period P-waveforms of the two events observed at six 
common stations of World Wide Standardized Seismograph Network (WWSSN). 
The record of LPS shows diffracted P-waves (epicentral distance> 90°); those at 
KEV and COL are the horizontal components. Except for the LPS records, the 
waveforms of the February event contain more high-frequency components than 
those of the December event. The waveforms of the second event look like low-pass 
filtered ones of the February event. Since core diffraction acts as a natural low-pass 
filter, neither waveform at LPS contains high-frequency components. 

To determine the source processes of these events, we used the deconvolution 
method of KIKUCHI and FUKAO (1985) which models an earthquake source as a 
series of double couple point sources, assuming that all the point sources have the 
same fault mechanism and time history. The inversion algorithm is basically the 

Table 2 

Relocation of Events 2 and 6 using Event 7 as a master event. 

Depth (km) 
Date Origin time Location 

this ISC 
No. Y M D h m s (ON) (OE) study ISC (pP-P) 

2 72 02 29 09 22 59.2 33.35 140.93 45.4 50 43 
6 72 12 04 101611.3 33.30 140.80 54.8 62 74 
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Figure 5 

245 

Comparison of the long-period P-wave seismograms of the 1972 February and December events 
observed at six common stations. The records at LPS are diffracted P-waves and those at KEV and COL 

are horizontal components. 

same as the one developed by KIKUCHI and KANAMORI (1982). This method 
includes the variation of Green's function over the fault surface for a fixed 
mechanism. Before the iteration, we set grid points with an interval of 20 km on a 
rectangular fault surface, which is defined by the strike and dip directions, and 
generate the synthetic wavelet w(t, x, y) for a point source at each grid point. 
Surface-reflected phases, pP and sP, are included. After a set of synthetic wavelets 
are given for all the stations, the point sources are iteratively determined so that the 
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wavelets best fit the residuals of observed records. Eventually, the observed teleseis
mic P-wave seismogram is approximated by the sum of wavelets: 

n 

y(t) = L eiw(t - ti; Xi' yJ (1) 
i~1 

where ei is the magnitude of the i-th pulse in units of moment rate. After n 
iterations, we obtain the far-field source time function as follows: 

n 

S(t) = L eis(t - tJ (2) 
i~ 1 

where s(t) is the source time function of an individual source with unit seismic 
moment and defined with two time constants 'I and '2 as follows: 

(O~t~'I) 

('I ~ t ~ '2) 

('2 ~ t ~ 'I + '2) 

otherwise 

(3) 

In the analysis, we have adopted the focal mechanism solutions determined by 
YOSHII (1979b), which are listed in Table 3. We have examined the best-fit 
hypocentral depths for these events to obtain stable inversion results. Long-period 

Table 3 

Focal mechanism solution of the earthquakes analyzed in this study. 

Fault Parameters P-axis T-axis Depth (km) 

strike dip slip az. pI. az. pI. ISC 
Event (N°E) C) C) (N°E) (0) (N°E) (0) syn. ISC (pP-P) Ms 

No.1 185 80 50 304.9 24.2 57.9 41.0 49 65 
No. 2* 175 34 70 99.4 12.4 142.2 73.3 25 50 43 7.3 
No.3 176 65 135 235.6 8.9 135.3 48.7 45 54 55 
No.4 186 80 130 246.9 20.8 135.3 38.7 40 38 38 
No.5 118 61 - 97 10.7 73.1 213.0 15.7 28 37 41 5.0 
No. 6* 163 34 83 78.0 11.2 277.8 78.1 52 62 74 7.4 
No.7 165 72 125 229.5 19.4 114.4 50.3 51 59 61 
No.8 192 70 123 258.1 18.3 141.8 53.0 56 52 58 5.1 
No.9 282 90 60 38.6 37.9 165.5 37.7 52 35 43 5.6 
No. 10 212 73 135 260.7 15.7 165.3 43.2 47 46 54 5.9 
No. 11 210 77 135 268.0 19.2 160.9 40.3 46 50 55 
No. 12 23 83 -110 271.1 48.2 130.2 35.0 79 89 84 
No. 13 330 80 40 94.9 19.0 198.7 34.8 47 46 43 

az: azimuth, pi: plunge. 
*Fault parameters of these events are from YOSHII (1979b). 
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P-waves recorded at only five and three WWSSN stations were available for the 
February and December events, respectively. The P-wave data set for these stations 
was inverted simultaneously. 

Figures 6a, band c show the source time function and spatial distribution of 
point source on the fault plane determined for the February event. The optimum 
depth for this hypocenter is 25 km. This depth is 20 km shallower than that 
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(30.,; t .,;70S) 

Figure 6 
Inversion results for the February event. (a) Source-time function in units of moment-rate. (b) Spatial 
distribution of the point sources which are located at grids during the 30 sec period after initiation of the 
rupture. Each grid point represents an area 20 x 20 km on the fixed fault surface which is defined with 
the strike and dip. The solid star shows the hypocenter at 25 km depth. This pattern indicates the rupture 
started at the hypocenter with a small amount of energy release and propagated into the up-dip direction 
with the major energy release. (c) Same as (b) for the period between 30 and 70 sec after the initiation 
of the rupture. This distribution indicates no coherent rupture pattern. Accordingly the apparent second 

event in the source-time function seems spurious. 
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determined by the master event method. The source-time function shows an initial 
stage of rupture propagation with a small amount of energy release (Figure 6a). 
This stage is followed by the major energy release. The corresponding point source 
distribution indicates that the rupture started around the hypocenter and propa
gated about 50 km into the up-dip direction (Figure 6b). After this major energy 
release, the located point source distribution is scattered and does not show any 
coherent pattern of rupture propagation (Figure 6c) even though the source-time 
function indicates the apparent second event (Figure 6a). 

DEC. 

a. 
~74 Mo 

6 SEC 160 
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.. .. .. .. .. + e .. 
c. + .. + .. .,. .. .. + + 
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® .. .. + .. + .. .. 0 .. 

(30:::t::: 100S) 

Figure 7 
Same as Figure 6 for the December event. (a) Source-time function indicates a sharp rise of the rupture 
process. (b) Spatial distribution of point sources during the 30 sec period after the initiation of the 
rupture. The major energy release is located at the hypocenter at 52 km depth and is followed by an 
up-dip rupture propagation. (c) Same as (b) during the period from 30 and 100 sec. Though two of the 
point sources are located in the up-dip direction of the hypocenter, the overall distinction does not 

indicate a coherent pattern. 
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Figures 7a, band c show the results for the December event. The optimum 
hypocentral depth is 52 km. This depth is almost the same as that obtained by the 
master event method. The source-time function indicates a sharp rise of energy 
release followed by a few smaller events. The point-source distribution shows that 
the rupture started with a major energy release around the hypocenter and 
propagated into the up-dip direction (0 s: t s: 30 sec, Figure 7b). After this period, 
the point source distribution is scattered, and does not provide strong evidence for 
the succeeding rupture pattern (Figure 7c). 

The main rupture zone of the February event is located shallower than that of 
the December event. Although there is some discrepancy in hypocentral depth of 
the February event by the master event method and by the body-wave analysis, the 
relationship between the hypocenters of the February and December events, i.e., the 
deeper hypocentral depth of the December event compared to that of the February 
one, does not change. Note that this is consistent with the aftershock distribution 
of the two events, and thus we believe that this is a real feature of the rupture zones 
of the two events. The above discrepancy between the master event method and the 
body-wave analysis may be due to the scarceness of the body-wave data and their 
high noise level and/or inadequacy of the Green's function which assumes a half 
space to calculate the surface reflections. In addition, the relocation by the master 
event method may also include some mislocations. Both of the ruptures propagated 
into the up-dip direction. 

If we take into account the depth determination accuracy noted above and the 
overlapped aftershock distribution of the two events, it is possible that the two 
events shared a part of the rupture zone. If it is the case, then the rupture of the 
February event may have smoothed the stress on the fault plane shared by the 
December event. The seismic moment of the February event was determined to be 
1.1 x lO27 dyn-cm and that of the December event to be 1.6 X lO27 dyn-cm. Figures 
8a and b show the observed and synthetic waveforms for the February and 
December events, respectively. The agreement between the two waveforms at each 
stations is reasonable. 

4. Other Smaller Earthquakes (5.5 s: mb s: 6.1) 

We determined focal mechanism solutions for the smaller earthquakes also listed 
in Table 1 using records ofWWSSN. We also redetermined the focal depths of these 
events by P-wave modeling. These earthquakes, which occurred within the box in 
Figure 1 during the period from 1964 through 1981, are assigned mb = 5.5 or greater 
by the ISC Bulletins. We added one event, with mb = 5.4, in 1972 and another listed 
in the Harvard Centroid Moment Tensor Catalogue of 1982 (DZIEWONSKI et al., 
1983). Of the eleven smaller earthquakes, one occurred before the February event, 
three between the February and December events, and seven after the December 
event. Their hypocentral distribution is shown in Figure 3 with event numbers. 

, 
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Comparison between the observed and synthetic waveforms. (a) February event. (b) December event. 
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Figure 9 shows the focal mechanisms of these events. The fault parameters are 
listed in Table 3. One of the nodal planes is generally not well constrained. We 
estimated this plane using S -wave polarization angles, although there are some 
apparently erroneous data. These focal mechanisms and those of the two large 1972 
events on the bathymetric map of the area (HYDROGRAPHIC DEPARTMENT, 1982) 
are plotted in Figure 10. Only the two large 1972 events show a thrust type 

Figure 9 
Focal mechanism solutions plotted in the equal area net (lower hemisphere). The solid and open circles 
indicate compression and dilatation first motions of P-waves, respectively. The larger symbols are from 
long-period records. The stars indicate nodes of the P-wave first motion. The open triangles indicate 
dilatation first motions of P-wave from the local stations in Japan reported in the ISC Bulletins. The 

arrows indicate the S-wave polarization angles. 
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mechanism. The mechanisms of the smaller events form two groups. One composed 
of events in the northernmost part of the study area has a nearly vertical fault plane 
striking northwest-west (events 5, 9 and 13). The other composed of the events near 
the rupture zones of the two large 1972 events has a P-axis dipping to the west. 

We estimated the focal depths of these events by comparing P-waveforms to 
synthetic waveforms for various focal depths generated, using the algorithm of 
KROEGER and GELLER (1986). We assumed a point source, and used the crustal 
structure across the Bonin arc, obtained by seismic refraction (HONZA and 
TAMAKI, 1985) to calculate reflections and conversions near the source. The 
thickness of the water layer was estimated at each epicenter from the bathymetric 
map (HYDROGRAPHIC DEPARTMENT, 1982). The pulses are convolved with the Q 
operator (CARPENTER, 1966), instrument response and far-field trapezoidal source 
time functioll. The attenuation factor t; is assumed to be 1.0 sec. Because the 
earthquakes treated in this section have short durations (Ms < 6.0), there is no 
serious trade-off between the source time function and the depth. The source time 
function can be estimated from the first half-cycle of the P-wave and the depth from 
the overall waveform. Figure 11 shows examples of a comparison between the 
synthetic and observed seismograms at COL for event 8 and at ADE for event 9. 
The best fit depth for these stations is indicated by the arrow at the right. We 
obtained the depth for each event by averaging the best fit depth at several stations; 
the resulting depth, number of stations used and standard deviations are listed in 
Table 4. The maximum of the standard deviation is 6.1 km. The comparison with 
the ISC depths is given in Table 3. For some events, the difference between the 
depth in this study and the ISC depth amounts to more than 20 km. 

We plotted the foci thus obtained and the zones of the major energy release of 
the two main events in a cross-section perpendicular to the trench in Figure 12a; the 
map view is shown in Figure 12b. The dotted line approximates the fault plane of 

Table 4 

The depths of the events determined in this study. -
Event Number of Stations Average (km) S.D. 

No. I 4 (I) 48.9 4.1 
No.3 5 (I) 45.0 0 
No.4 6 (3) 40.0 4.1 
No.5 8 27.5 5.0 
No.7 8 51.3 4.1 
No.8 4 (I) 56.3 4.1 
No.9 15 52.3 5.1 
No. 10 II 46.7 6.3 
No. II 4 45.8 5.6 
No. 12 5 (2) 79.0 3.7 
No. 13 8 46.9 6.1 

Number in parentheses in this column of "Number of stations" is the number of short period 
P-waves used in the comparison in waveforms. S.D. denotes standard deviation of depth determination. 
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Figure 12 
Rupture zones of the two large 1972 events and hypocenters of the 1972 events and smaller events. (a) 
Cross-section along the dip direction of the fault planes of the two large events. Foci of the smaller 
events and the two large events are determined by the P-wave modeling and the master event method, 
respectively. (b) The map view. The epicenters of the smaller events are from ISC and those of the two 

large events are from the relocation using a master event method. 
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the two large 1972 events; it goes through their hypocenters with the dip of the 
mechanism solutions. We used the hypocenters of the two main events determined 
by the master event method. This is because we regarded that the hypo central 
depths by the body-wave analysis may include larger errors due to the scarceness of 
the data and also because the hypocentral depths by the master event method are 
more consistent with the aftershock distribution. The dimensions of the rupture 
zones, 55 km for the February event and 40 km for the December event, were 
estimated from the body-wave analysis. The epicenters of the smaller events are 
from the ISC. Assuming that the two large events occurred in the thrust zone, we 
regard all the other smaller events occurring within the Pacific slab based on the fact 
that they are generally located beneath the thrust zone and do not have a thrust 
type mechanism. It is rather surprising that the mechanisms of the smaller events in 
the vicinity of the rupture zone differ from those of the two large events. In the next 
section, we will discuss the meaning of these smaller events in terms of the 
interaction with the large thrust events. 

1. Discussion 

5.1. Stress State of the Slab 

In order to examine the stress generating the earthquakes, we plotted the P and 
T-axes in the lower hemisphere using an equal area net (Figures 13a and b). In 
Figure 13a, we also plotted the upper surface of the slab defined by the seismicity 
in this area (YOSHII, 1979b). We can see that except for the events in the north 
(events 5, 9 and 13) and the large 1972 events (events 2 and 6), all the events have 
P-axes parallel to the dip of the Pacific slab. In contrast, events 5, 9 and 13 have 
horizontal T-axes directing southward. 

The solutions of events, 5, 9 and 13 have a sense of motion with the southwest 
block downthrown with respect to the northeast block, if we assume the more 
vertical nodal plane is the fault plane. To the north near the triple junction (34°N, 
142°E), two large earthquakes are known to have the similar type of mechanism 
solution as that of these events; they are the 1953 Ms = 7.9 and 1984 Ms = 6.7 
earthquakes (ANDo, 1971; SENO and TAKANO, 1988). Two smaller similar type of 
earthquakes also occurred 80 and 120 km northwest of the triple junction (SENO 
and T AKANO, 1988). Further to the west beneath central Honshu, a few similar type 
of events have also occurred (ISACKS and MOLNAR, 1971; ITO and ANNAKA, 1977). 
Thus this mode of deformation, illustrated schematically in Figure 14, is common 
in the slab near the junction between the northeast Japan and Bonin arcs. The sense 
of motion of this mechanism solution indicates that the slab near the junction is 
pulled to the south. Presumably, the greater dip of the slab beneath the Bonin
Mariana arc, compared to that beneath northern Honshu (e.g., YOSHII, 1979b), 
causes this deformation of the slab near the junction (SENO and TAKANO, 1988). 
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Figure 14 
A schematic illustration showing the stress state and the mode of deformation of the slab near the 

northern Honshu-Bonin arc junction. 
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The others events except 5, 9 and 13 have down-dip P-axes. Previous studies of 
mechanism solutions of deep and intermediate-depth earthquakes beneath the 
Bonin arc show that the slab is in down-dip compression at the depth larger than 
300 km (ANNAKA, 1977; KATSUMATA and SYKES, 1969) and at intermediate depth 
between 70-250 km (FUJITA and KANAMORI, 1981). The down-dip compression of 
the earthquakes in this study is thus concordant with the compressional stresses in 
the deeper part. The stress state of the slab near the study area is also illustrated in 
Figure 14. However, the depth of the earthquakes in the present study is mostly 
around 50 km, shallower than those of the down-dip compressional events usually 
seen in the down-going slab (YOSHII, 1979a; KAWAKATSU and SEND, 1983). They 
may then reflect an unusual mode of deformation caused by the interaction with the 
large 1972 thrust events. 

5.2. Interaction Between the Thrust Zone Events and the Slab Events 

There are only few studies of the interaction between a large thrust earthquake 
in a subduction zone and smaller slab earthquakes near its rupture zone. MAL
GRANGE and MADARIAGA (1983) studied Chilean subduction zone earthquakes 
and found that moderate size slab earthquakes are distributed around the rupture 
zone of large thrust earthquakes before and after their occurrence. There was a 
characteristic feature in the location and timing of the occurrence of down-dip 
compressional type (C-type) and down-dip tensional type (T-type) earthquakes. 
Before the occurrence of a large thrust earthquake, T-type end C-type earthquakes 
tend to occur landward of and beneath the rupture zone, respectively. In contrast, 
after the occurrence of the thrust earthquake, C-type and T-type events tend to 
occur landward and seaward of the rupture zone, respectively. KAWAKATSU and 
SENO (1983) studied the northern Honshu subduction zone and found that the 
double seismic zone extended to just beneath the rupture zone of a large thrust type 
earthquake, the 1978 Miyagi-Oki earthquake, prior to its occurrence. In that case, 
C-type earthquakes concentrated beneath the rupture zone, and to the landward of 
the rupture zone, C-type events completely disappeared prior to the Miyagi-Oki 
event. 

These features can be explained by the stress concentration within the slab near 
the rupture zone before and after a large thrust earthquake as shown in Figure IS. 
Before the occurrence of a large thrust earthquake, down-dip tensional and 
compressional stresses within the slab will appear landward and seaward of the 
rupture zone, respectively, due to the coupling at the rupture zone (Figure 15a). 
After the occurrence of the large thrust earthquake, the stress pattern in the slab 
will be reversed as shown in Figure 15b. Recently a similar stress change within the 
slab at intermediate depth and at the outer rise before and after large thrust type 
earthquakes is proposed, based on a large amount of focal mechanism data by LAY 
et al. (1988) and ASTIZ and KANAMORI (1986). 
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BEFORE THE EARTHQUAKE AFTER THE EARTHQUAKE 

Figure 15 
A schematic illustration of the pertubation to the stress of the slab (a) due to seismic coupling at the 

thrust zone and (b) due to faulting at the time of thrust earthquake. 

In the case of the Hachijo-Oki rupture zone, the situation seems more complex, 
possibly because of the twin events with a nine month interval; nevertheless, there 
is a systematic feature in the location and timing of the occurrence of smaller events 
beneath this rupture zone. During the period between the two large thrust events, 
C-type events (events 3 and 4) occurred beneath the deeper portion of the rupture 
zone of the February event (Figure 12). Within about one year after the occurrence 
of the December event, some C-type events (events 7 and 8) occurred beneath the 
deeper portion of the rupture zone of the December event. Other events (events 1, 
5, 9, 10 and 13) are not located close to the rupture zone and are not easily related 
to the occurrence of the large events. The occurrence of the February event, which 
ruptured the shallower portion of the thrust zone, would have loaded the slab near 
the end of its rupture zone in a down-dip direction and might have caused events 
3 and 4. Similarly, the occurrence of the December event would have further loaded 
the deeper portion of the slab and might have caused events 7 and 8. These stresses 
are perturbations to the average tectonic stress in the slab. The average tectonic 
stress in the slab beneath the Bonin arc seems to be down-dip compressional as 
discussed in the former subsection. The perturbing stresses may thus trigger only the 
down-dip compressional events and not down-dip tensional events. 

It is interesting whether seismicity and, by implication, stresses are concentrated 
near the thrust interface only before and after large events. KA w AKA TSU and SENO 
(1983) suggested that for the large thrust Miyagi-Oki earthquake the stress concen
tration near the rupture zone will be released sometime after the event. A recent 
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study (SENO and KAWAKATSU, 1985), including the five years after the event, 
shows that activity within the slab near the rupture zone is still continuing. In the 
case of the Hachijo-Oki events, a few slab events occurred even 5 to 8 years after 
the rupture (events 10-12). It is thus possible that stress concentration near the 
thrust interface in subduction zones with seismic coupling may be a permanent 
feature. Alternatively, the Hachijo-Oki case may be special in that the stress 
concentration within the slab almost always exists and causes smaller slab events. 
Resolution of this question requires data on seismicity for the longer period after 
the Miyagi-Oki and Hachijo-Oki events and other large thrust earthquakes. 

6. Conclusion 

The source area of the 1972 Hachijo-Oki earthquakes in the northern Bonin arc 
is the only site of significant seismic energy release along the arc for the past 90 
years. The rupture zones of the February and December Hachijo-Oki events 
probably overlapped partially, with that of the December event deeper than that of 
the February event. The smaller events near the area do not show thrusting along 
the plate interface but rather occurred within the descending Pacific slab. They have 
down-dip P-axes and, along with the similar mechanism solutions of deeper events, 
indicate that the Pacific slab beneath the forearc of the northern Bonin arc is in 
down-dip compression. The unusually shallow activity within the slab, however, 
may have been caused by the stress disturbance due to the seismic coupling and 
succeeding seismic faulting of the zone. 

Further to the north near the triple junction, normal fault events within the Pacific 
slab show steeply dipping nodal planes perpendicular to the trench axis with the 
southwest block down thrown with respect to the northeast block; possibly these events 
occurred due to the change in slab dip between the northern Honshu and Bonin arcs. 
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Do Trench Sediments Affect Great Earthquake Occurrence in 
Subduction Zones? 

LARRY J. RUFF! 

Abstract-Seismic energy release is dominated by the underthrusting earthquakes in subduction 
zones, and this energy release is further concentrated in a few subduction zones. While some subduction 
zones are characterized by the occurrence of great earthquakes, others are relatively aseismic. This 
variation in maximum earthquake" size between subduction zones is one of the most important features 
of global seismicity. Previous work has shown that the variation in maximum earthquake size is 
correlated with the variation in two other subduction zone properties: age of the subducting lithosphere 
and convergence rate. These two properties do not explain all the variance in maximum earthquake size. 
I propose that a third subduction zone property, "trench sediments", explains part of the remaining 
variance in maximum earthquake size. Subduction zones are divided into two groups: (I) those with 
excess trench sediments, and (2) those with horst and graben structure at the trench. Thirteen of the 19 
largest subduction zone events, including the three largest, occur in zones with excess trench sediments. 
About half the zones with excess trench sediments are characterized by great earthquake occurrence. 
Most of the other zones with excess trench sediments but without great earthquakes are predicted to 
have small earthquakes by the age-rate correlation. Two notable exceptions are the Oregon-Washington 
and Middle America zones. Overall, the presence of excess trench sediments appears to enhance great 
earthquake occurrence. One speculative physical mechanism that connects trench sediments and earth
quake size is that excess trench sediments are associated with the subduction of a coherent sedimentary 
layer, which at elevated temperature and pressure, forms a homogeneous and strong contact zone 
between the plates. 

Key words: Subduction zones, great earthquakes, trench sediments. 

1. Introduction 

Most of the largest earthquakes occur in subduction zones and represent the 
underthrusting of the oceanic lithosphere. Beyond this basic observation, subduc
tion zone seismicity presents many puzzling features. One rather remarkable feature 
is the variation in maximum earthquake size between subduction zones: this 
variation is more than three orders of magnitude as measured by the seismic 
moment. To emphasize this range in characteristic earthquake size, the Chilean 
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subduction zone frequently generates giant earthquakes with fault area dimensions 
reaching hundreds of kilometers, widespread strong shaking, and destructive 
tsunamis. On the other hand, underthrusting in the Marianas arc will occasionally 
generate a magnitude ~ 7 earthquake. As another illustration, since the seismic 
energy release is dominated by the largest events (see, for example, GUTENBERG 
and RICHTER, 1954), a map of the total seismic energy release in the twentieth 
century would show a high concentration in some subduction zones while others 
would be virtually "aseismic". Understanding this variation in large earthquake 
occurrence is a fundamental pursuit in seismology. 

Two lines of inquiry into this subject will be followed: (1) the relationship 
between maximum earthquake size and other subduction zone "parameters", (2) 
observations and models of the earthquake rupture process. The above two 
approaches are not the only lines of study into the subject, but several investigators 
have made progress using these approaches. The first approach can explain much of 
the variation in maximum earthquake size, though significant deviations remain. On 
the other hand, the second approach explains the occurrence of great earthquakes 
in terms of the strength distribution of the plate interface. In this paper, I propose 
that the presence or absence of trench sediments forms a link between the two 
approaches. In particular, trench sediments seem to enhance seismic coupling. I will 
first briefly review some of the relevant results on seismic coupling and the rup
ture process, then proceed with a short discussion of trench sediments, and finish 
with a global survey on the association of excess trench sediments with great 
earthquakes. 

2. Global Variation in Seismic Coupling 

KANAMORI (l971a) noted that interplate seismic coupling varies systematically 
in the subduction zones of the northwestern Pacific. He equated the maximum 
earthquake size in a region with seismic coupling. At that time, KANAMORI 
explained the variation in seismic coupling by an evolutionary process, whereby the 
upper plate contact surface degrades. UYEDA and KANAMORI (1979) presented a 
global perspective and discussed the possible interconnection between several 
subduction zone parameters. Their paper promoted the approach of "comparative 
subductology": using global comparisons of the essential characteristics of subduc
tion zones to uncover important aspects of the subduction process. UYEDA and 
KANAMORI included seismic coupling as an essential characteristic, and suggested 
that the kinematic parameter of upper-plate absolute velocity exerts a strong 
influence on coupling. RUFF and KANAMORI (1980) then focussed on seismic 
coupling, and established that maximum earthquake size is significantly correlated 
with two parameters: convergence rate and age of the subducting oceanic litho
sphere. In particular, great earthquakes tend to occur in subduction zones with 
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faster convergence and younger lithosphere, while the relatively aseismic subduction 
zones are characterized by slower convergence and older lithosphere (see Figure 1). 
JARRARD (1986) then updated and extended the data set, both in terms of the 
number of subduction zones and number of parameters, and further confirmed that 
maximum earthquake size is correlated with oceanic lithosphere age and rate. 
Although much of the variance in maximum earthquake size is explained by age 
and rate, there are a few subduction zones that deviate from the overall trend. Thus, 
there are other factors that influence earthquake size. 

Statistical correlations do not necessarily indicate a direct cause and effect 
relationship. Nevertheless, RUFF and KANAMORI (1980) introduced preferred tra
jectory as a simple physical mechanism that might explain the above correlation. Plate 
age and convergence rate directly translate into the preferred vertical and horizontal 
velocities of the down-going slab. Note that a long-term effect of a steep preferred 
trajectory, i.e., old lithosphere and slow rate, could be back-arc spreading. Indeed, the 
subduction zones with recent back-arc spreading activity are characterized by small 
earthquake size (Figure 1, see RUFF and KANAMORI, 1980). Shallow preferred 
trajectory might cause large earthquakes by either increasing the tectonic compressive 
stress or by increasing the fault width as a consequence of a shallow dip angle. Are 
these mechanisms consistent with our knowledge of the source process of great 
earthquakes? In the next section, we will see that the current physical model used to 
explain the earthquake rupture process is not easily related to the above mechanisms. 
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Seismic coupling as a function of lithosphere age and convergence rate (after RUFF and KANAMORI, 

1980). Linear regression analysis shows that maximum earthquake size depends on age and rate; the 
best-fit plane is indicated by the contours of predicted M w. Subduction zones that are subducting young 
lithosphere at a high rate would plot in the upper-right comer, and these zones are characterized by great 
earthquake occurrence (i.e., M w > 8). The lower-left comer contains subduction zones with smaller 
earthquakes and back-arc spreading. The insets depict the mechanism of preferred trajectory, whereby 

age and rate determine the preferred vertical and horizontal velocities of the slab. 



266 Larry J. Ruff PAGEOPH, 

3. Large Subduction Zone Earthquakes 

3.1. Seismic Gaps 

Subduction at shallow depths is accommodated by slip across a narrow zone, 
the plate boundary interface. As subduction proceeds, all segments along the plate 
boundary must eventually slip, either seismically or aseismically. Plate boundary 
segments that have previously slipped as large earthquakes are likely to slip again 
as large earthquakes. Observations indicate that the recurrence intervals between 
large earthquakes in the same segment vary from less than one to a few hundred 
years. Hence, future earthquakes are more likely to occur sooner in plate boundary 
segments with a history of large earthquakes that have not experienced a large 
earthquake in many decades. This simple yet powerful concept of seismic gaps has 
been developed and applied to the major plate boundaries, and has successfully 
forecast the locations of a few large earthquakes (FEDOTOY, 1965; MOGI, 1969;· 
SYKES, 1971; KELLEHER, 1972; KELLEHER et al., 1973; MCCANN et al., 1979; 
NISHENKO and MCCANN, 1981; NISHENKO, 1985). Plate boundary segmentation is 
an essential component of seismic gaps which in part determines the size of the 
largest earthquakes. 

3.2. Plate Boundary Segmentation 

Underthrusting can occur as seismic slip in the shallow part of the subduction 
zone, while slip apparently occurs only aseismically below a depth of about 40 km 
(see RUFF and KANAMORI, 1983a). For the typical shallow dip angle of 10° to 20°, 
the potential fault width is one to two hundred kilometers. Major subduction zones 
extend to thousands of kilometers along the arc system, thus the seismically active 
part of a plate boundary can be viewed as a long narrow strip that is composed of 
seismic segments. One of the primary tasks of seismic gap research has been to 
determine the rupture length of the large plate boundary earthquakes. It is usually 
assumed that the one-day aftershock area delimits the mainshock rupture area. The 
one-day. aftershock area frequently coincides with the region of uniform and intense 
shaking. Hence, observations of aftershocks or shaking can identify the seismic 
segments of a subduction zone. In several cases, the seismic segmentation corre
sponds to the physiographic segmentation, e.g., major fracture zones or ridges in 
the oceanic plate form the boundary between two segments. 

The overall size of an earthquake is best measured by the seismic moment, 
defined as Mo = /lAD, where Jl. is the source region shear modulus, A is the fault 
area, and D is the average seismic displacement. The moment magnitude scale is 
directly dependent on the seismic moment (M w = (log M o)/1.5-10.7, with Mo 
in dyn em, KANAMORI, 1978). As discussed in KANAMORI and ANDERSON (1975), 
the average displacement tends to increase as the fault area increases. Thus, in 
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general, a larger fault area is equivalent to a larger seismic moment and M w. From 
this perspective, maximum earthquake size depends on those factors that control 
fault area. 

Fault area obviously depends on fault width and length. KELLEHER et al. (1974) 
claimed that variations in fault width play a dominant role in seismic coupling. 
They noted that some of the largest earthquakes have occurred in subduction zones 
with a wide contact zone. They offered support for this claim by measuring the 
width between the trench and the 70 km depth contour of the Benioff zone. While 
their definition of "width" is attractive in that it can be globally measured, 
unfortunately it does not directly yield the width of the seismogenic zone. To 
further explore this idea, we can look at the seismogenic width as displayed in the 
aftershock zones of large earthquakes. The rupture width and length of selected 
large earthquakes are shown in Figure 2. Aftershock areas are usually determined 
subjectively by drawing a rectangle or oval around the scattered aftershocks. To 
obtain a more objective determination, T AJIMA and KANAMORI (1985) devised an 
energy contour method. I have simply measured the maximum widths and lengths, 
perpendicular and parallel to the trench axes, of the one-day aftershock regions in 
T AJIMA and KANAMORI. Two events not in their paper are included in Figure 2, the 
dimensions for the 1960 Chile event are from PLAFKER and SAVAGE (1970), and 
the 1957 Aleutian values are taken from HOUSE et al. (1981). For the examples 
presented in Figure 2, it would seem that the variation in fault length is more 

WIDTH, km lENGTH,km 
o 250 0 250 500 750 1000 

1960 CHilE 9.5 

1964 AlASK 9.2 

1957 ALEUT 8.8 

1965 ALEUT 8.7 

1963 KURll 8.5 

1969 KURll 8.2 

1968 JAPAN 8.2 

1979 COlOM 8.2 

1976 PHiliP 8.1 

1966 PERU 8.1 r--
1974 PERU 8.1 f--

1971 SOlOM 8.1 r-

Figure 2 
Width and length of the one-day aftershock areas of recent great earthquakes, identified by year of occur
rence, region, and M w' Except for two exceptions noted in the text, the measurements are based on the 
aftershock areas of TAJIMA and KANAMORI (1985). Rupture length varies more than rupture width. 
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important than the variation In fault width as an explanation for variation in 
maximum earthquake size. 

3.3. Rupture Length and the Asperity/Barrier Model 

Fault length is a consequence of where the earthquake rupture front starts and 
stops. The development of the asperity/barrier model gives us a simple physical 
characterization of earthquake rupture (for example, AKI, 1979; DAS and AKI, 
1977; KANAMORI and STEWART, 1978; NUR and ISRAEL, 1980; KANAMORI, 1981; 
LAY et al., 1982; AKI, 1983; RUFF, 1983; BECK and RUFF, 1984, 1987; SCHWARTZ 
and RUFF, 1987). The essence of this model is that a fault zone can be characterized 
by strong and weak regions. The strong regions are called asperities and slip 
seismically. Slip in the weak regions concentrates the stress at the asperities. The 
largest earthquake in a seismic segment results from the failure of the largest 
asperity, or the sequential failure of the largest asperities. The rupture front of the 
maximum size earthquake can start in either a weak or strong region, but must 
break the dominant asperity. The rupture front stops either at a major geometric 
barrier or in a weak region that has previously slipped and therefore is not highly 
stressed. Major geometric barriers include drastic kinks in the plate boundary strike 
or changes in plate boundary type. 

The asperity/barrier model provides a qualitative physical connection between 
seismic segmentation and the earthquake rupture process. This connection leads to 
some interesting consequences. Figure 3 shows two hypothetical strength distribu
tions along a subduction zone. The distribution with small isolated strong points 
would cause small localized rupture areas, while the distribution with a relatively 
constant strength would result in a large rupture length. Thus, strong seismic 
coupling depends more on the "smoothness" of the strength distribution than on 
the peak value of the strength. This view is supported by the apparent smoothness 
of the rupture process of the 1964 Great Alaskan earthquake (see RUFF and 
KANAMORI, 1983b). 

The above discussion is not a comprehensive review of all the research on fault 
heterogeneity, nor does it present all viewpoints on the rupture process. Given this 
qualifier, I state the following conclusion: stronger seismic coupling is caused by a 
smoother strength distribution along the seismogenic zone. How does this conclu
sion relate to our earlier considerations on the global variation in seismic coupling? 
Are there any mechanisms that relate lithosphere age and convergence rate to fault 
strength distribution? RUFF and KANAMORI (1983a) noted two facts relevant to the 
above questions: (1) the old lithosphere subducting in the Marianas is characterized 
by rough ocean-floor topography, (2) the two largest earthquakes (1960 Chilean 
and 1964 Alaskan events) occurred in segments that seem to have "excess trench 
sediments". If a rough ocean-floor topography translates into highly heterogeneous 
strength distribution, then the first fact would explain the relatively aseismic nature 
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Figure 3 
Two hypothetical strength distributions along a fault: smooth (solid line) and irregular (dashed). Each 
distribution is plotted as failure stress (u) versus distance along the fault zone. Slip occurs when the 
tectonic stress level reaches the failure stress. Slip in the weaker regions transfers stress to the strong 
regions. Since the strongest regions in the irregular distribution are isolated, the earthquakes that 
eventually break these regions have a rather small rupture dimension (L.). For the relatively smooth 
distribution, the dimension of the strong region is larger, hence the earthquake will have a greater 

rupture length (L~. 

of the Marianas subduction zone. If we allow the interpretative leap that the 
presence of excess trench sediments is related to a smoother strength distribution, 
then the second fact would explain the two giant earthquakes. The main thrust of 
this paper is to pursue the possible contribution of excess trench sediments. Rather 
than analyze just one or two trench segments, I will adopt the comparative 
subductology attitude and present a global survey. The term "excess trench sedi
ments" will first be defined and developed. 

4. Excess Trench Sediments 

Even in their pioneering plate tectonics paper, ISACKS et al. (1968) made some 
provision for sediment subduction. At first glance, the tectonic role of sediments 
appears to be a minor one. Sediments do however significantly impact geology, 
geochemistry, and geophysics: many geological terranes are thought to be exumed 
trench sediments; recycling of crustal material via sediment subduction affects the 
geochemical evolution of the mantle; and as promoted in this paper, sediments may 
influence subduction zone seismicity. 

Sediments are transported into the trench region from both the oceanic plate 
and island arc sides. There are two apparently contradictory views on the fate of 
these sediments: (1) the sediments are subducted along with the down-going plate, 
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(2) sediments riding on the oceanic plate are scraped off and deposited; the 
accretionary prism contains the accumulated oceanic sediments along with conti
nent-derived sediments. We now know that both views are correct. That is, some 
subduction zones are presently subducting all available sediments while others seem 
to be actively constructing accretionary prisms (see e.g., KLUM and FOWLER, 1974; 
KARIG and SHARMAN, 1975; SCHOLL et al., 1977; SCHOLL et al., 1980; VON HUENE 
et al., 1982; HILDE, 1983). In some subduction zones, not only are the available 
sediments being subducted, but the sediment subduction process is apparently 
eroding the upper-plate in the trench region. In many of these subduction zones, the 
down-going oceanic plate develops a horst and graben structure between the 
outer-rise and the trench. This structure frequently strikes parallel to the trench 
axis, and is thought to result from tensional stresses associated with plate bending 
(see CHAPPLE and FORSYTH, 1979). One proposed mechanism for sediment subduc
tion is that the horst and graben structure provides "buckets" that fill up with 
sediments, which are then carried down the subduction zone (Figure 4, for a 
discussion of this mechanism, see HILDE, 1983). If the available sediments do not 
fill the graben "buckets", then the leading edge of the upper plate erodes to provide 

HORST AND GRABEN STRUCTURE 

EXCESS 

SUBDUCTED 

SEDIMENTS 

TRENCH SEDIMENTS 

Figure 4 
Two trench morphologies and possible mechanisms of sediment subduction. These graphs are schematic 
and not to scale, but the depth of the grabens is typically < I km, and the horizontal dimension is 
approximately 10 km, hence the seismogenic zone is off to the right. A well-developed hOTSt and graben 
structure provides "buckets" which can erode the upper-plate and carry down sediments. In contrast, 
one of the characteristics of excess trench sediments is that sediments are added to the upper-plate and 
form an accretionary prism. The role of underplating is not known. At this time, it is only speculation 
that zones with excess trench sediments subduct a coherent sedimentary layer that serves as a smooth 

contact zone between the plates. 
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the requisite material. At the other end of the spectrum are those subduction zones 
that accumulate sediments. This can happen in three ways: (1) the oceanic sedi
ments are scraped off and are added to the front of the rapidly deforming 
accretionary prism, (2) continent-derived sediments are deposited on top of the 
accretionary prism, or they spill into the trench and are added to the highly 
deformed front, (3) sediments that are initially subducted then underplate the 
bottom of the accretionary prism. Note that sediment subduction may occur even 
if the accretionary prism is growing. Accretionary prisms form where the sediment 
supply rate is greater than the sediment subduction rate. There is no complete 
global assessment of the relative rates of sediment supply and subduction. Although 
it is thought that most oceanic sediments are subducted, there are dissenting 
opinions (for discussion, see ARMSTRONG, 1981; KARIG and KAY, 1981). 

The horst and graben structure is not found in subduction zones with extensive 
accretionary prisms (HILDE, 1983). Perhaps the horsts and grabens are buried by 
the excess sediments, or maybe the horst and graben structure does not exist at all. 
Studies of the southern Caribbean arc indicate that the incoming oceanic sediments 
are split, the upper portion is added to the accretionary prism while the lower 
portion is apparently subducted undeformed (e.g., BIJu-DuVAL et al., 1982). If we 
assume that the horst and graben formation is suppressed, then the lower sedimen
tary portion could remain undeformed. The contact between the plates would then 
be composed of coherent layered sediments, as opposed to the "bucket" mechanism 
where the contact material alternates between basaltic crust and chaotic sediments 
(Figure 4). If coherent layered sediments enhance seismic coupling at deeper depths, 
then the metamorphosed oceanic sediments must be capable of seismic failure at 
elevated temperatures and pressures. There are some indications that this may be 
possible (WANG, 1980). Thus, the mechanism of sediment subduction might 
significantly affect the seismic strength distribution along the contact zone between 
the plates. 

My use of the term "excess trench sediments" refers to the presence of an 
accretionary prism and, generally, the absence of the horst and graben structure. 
Excess trench sediments then closely coincides with HILDE'S (1983) classification of 
thick trench deposits. The main distinction between these two terms is the specula
tive implication that I attach to excess trench sediments. In future discussion, excess 
trench sediments will be equated with a smooth strength distribution. I emphasize 
that this identification should be treated with some skepticism, but I assert that it 
is at least plausible. 

5. Global Comparison of Trench Sediments and Large Earthquakes 

The division of subduction zones into the binary classification of "excess trench 
sediments" and "horst-graben structure" certainly has a subjective element. The 
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global survey by HILDE (1983) at least provides an independent classification. As 
previously noted, I equate HILDE'S thick trench sediments with excess trench 
sediments (ETS). The major subduction zones with ETS are shown in Figure 5. 
More than half of the surveyed subduction zones are classified as zones with ETS. 
We shall test the hypothesis that excess trench sediments promote the occurrence of 
large and great earthquakes. If trench sediments were quantified by a continuous 
variable, then we could simply test the correlation between trench sediments and 
maximum earthquake size for all subduction zones. Given our binary classification 
scheme, we seek significant differences between the two populations. There are two 
types of tests: (1) do great earthquakes occur in subduction zones with or without 
excess trench sediments; (2) are subduction zones with excess trench sediments 
characterized by great or small earthquakes. 

The data for the first test are listed in Table 1. The primary source for the 
earthquake data is the list in KANAMORI (1977), with two modifications from the 
updated list in KANAMORI (1983) (specifically, the 1923 Kamchatka and 1979 
Colombia events). There is one other change, the Mw value for the 1957 Great 

Figure 5 
World map showing the trench sediment classification of the major subduction zones. Also shown are the 
year, M w, and approximate rupture length of the largest underthrusting earthquakes. Zones are 
classified either as ETS (excess trench sediments) or HGS (horst and graben structure). The trench 

sediment classification is largely based on the map in HILDE (1983). 
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Table I 

Great subduction zone underthrusting earthquakes with M w ~ 8.2. 
A cross in the ETS column indicates excess trench sediments. 

Region Date Mw ETS 

Southern Chile May 22, 1960 9.5 X 
Alaska March 28, 1964 9.2 X 
Kamchatka Nov. 4, 1952 9.0 X 
Aleutians March 9, 1957 8.8 
Colombia-Ecuador Jan. 31, 1906 8.8 X 
Aleutians Feb. 4, 1965 8.7 
Kurile Islands Oct 13, 1963 8.5 X 
Central Chile Nov. II, 1922 8.5 
Kamchatka Feb. 3, 1923 8.5 X 
Kurile Islands Nov. 6, 1958 8.3 X 
Chile Aug. 17, 1906 8.2 X 
Alaska Nov. 10, 1938 8.2 X 
Kamchatka May 4, 1959 8.2 X 
Colombia Dec. 12, 1979 8.2 X 
Northern Honshu May 16, 1968 8.2 
Peru May 24,1940 8.2 
Peru Aug. 24, 1942 8.2 
Central Chile April 6, 1943 8.2 X 
Kurile Islands Aug. II, 1969 8.2 X 

Aleutian event has been reduced from 9.1 to 8 % (RUFF et at., 1985). There are 
several great earthquakes listed in KANAMORI (1983) that do not appear in Table 
1, three earthquakes are intraplate events in central Asia, two are thought to be 
strike-slip events (1958 Alaska, and 1938 Banda Sea, see BEN-MENAHEM, 1977), 
and two subduction zone events represent intraplate normal faulting in the oceanic 
lithosphere (1933 Sanriku, and 1977 Java, see KANAMORI, 1971; FITCH et at., 1981; 
SPENCE, 1986). The nineteen earthquakes in Table 1 are thought to be all of the 
underthrusting subduction events in the twentieth century with a documented M w 

of 8.2 or larger. While the sediment classification for most of the earthquakes is 
straightforward, a few events need some discussion. A close examination of Figure 
5 reveals that the rupture zones of the two great Aleutian events include segments 
with excess sediments. However, most of the moment release for both events occurs 
outside these regions, thus these events do not receive the ETS classification. 
Sediments in southern Chile are apparently transported northward along the trench 
axis (KULM et at., 1977), and consequently thin to the north. Hence there is some 
ambiguity where to end the ETS classification in central Chile. Using additional 
information given in KULM et at. (1977), I have placed the dividing line between the 
1943 and 1922 rupture zones, broadly consistent with HILDE'S map. Figure 6 
compares the distribution of earthquake size for zones with and without excess 
sediments. More than half of the earthquakes, 13 out of 19, are associated with 
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Histogram of the 19 largest underthrusting subduction zone earthquakes, plotted as a function of M w. 
There are two groups of earthquakes: those that occur in zones with excess trench sediments (ETS), and 
those that occur in zones with horst and graben structure (HGS). Most of the largest earthquakes occur 

in ETS zones. 

excess trench sediments. It seems that most of the largest earthquakes occur in 
regions of excess sediments with the strong exception of the two great Aleutian 
earthquakes. Due in part to the large number of M w = 8.2 events, the mean M w 

values for the two groups are not significantly different. A preliminary conclusion 
is that great earthquakes tend to occur in zones with excess sediments, but not 
exclusively. 

The other test is to examine the maximum earthquake size of all zones with 
excess trench sediments. There are subduction zones in Figure 5 with ETS that are 
not represented by any earthquakes in Table I. These zones are Southern Honshu, 
Sumatra, Caribbean, New Zealand-Kermadec, lzu-Bonin, Taiwan-Philippines, New 
Hebrides, Middle America (south of Mexico), and Oregon-Washington (USA). If 
these zones have had no great earthquakes in the twentieth century, can we 
immediately claim that these zones are characterized by the lack of great earth
quakes? This question opens the difficult issue of whether the twentieth century 
catalog of great earthquakes can be regarded as characteristic. If the recurrence 
interval between the largest earthquakes in some subduction zone is greater than 
100 years, then the maximum size earthquake may be missing from the twentieth 
century catalog. While this problem may also apply to zones that have registered a 
great earthquake, we will only examine the historical record for the zones with ETS 
that lack a great earthquake. 
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It appears that at least two of the above zones, the Southern Honshu and 
Sumatra zones, are characterized by great earthquakes. Two earthquakes with 
Mw = 8.1 have occurred in the Southern Honshu zone, in 1944 and 1946. 
Hence, the exclusion of Southern Honshu from Table 1 results from the arbi
trary magnitude threshold. There is an excellent historical record in this region; it 
is likely that one or both of the great earthquakes in 1854 would be above the 
8.2 magnitude threshold, and presumably the great earthquake in 1707 would 
also be 8.2 or larger (ANDO, 1975). Turning to the Sumatra zone, NEWCOMB 
and MCCANN (1987) document the occurrence of two great earthquakes in the 
nineteenth century, the 1833 and 1861 events with probable rupture lengths of 500 
and 300 km, respectively. On the basis of rupture length, they assign a M won the 
order of 8 % to the 1833 event. This M w value is consistent with the rupture 
length versus M w plot in Figure 2. The lack of Sumatran great earthquakes in 
the twentieth century can be explained by a recurrence interval greater than 150 
years. 

The historical record for the Caribbean indicates that a large event occurred in 
the northern part of the Lesser Antilles arc in 1843 (see KELLEHER et al., 1973). 
With a rupture length of 200-250 km, this event should be close to the 8.2 
magnitude threshold of Table 1. Thus, the Caribbean arc seems capable of 
generating at least a magnitude 8 event. Although the accretionary prism is less 
developed at the location of the 1843 event, the ETS classification is given to the 
entire zone. NISHENKO and MCCANN (1981) suggest that the New Zealand 
earthquake that occurred in 1833 has a rupture length of approximately 200 km. 
Thus, New Zealand can also generate an earthquake close to the 8.2 magnitude 
threshold. 

There is no evidence of a great subduction event in the Izu-Bonin arc. There are 
no earthquakes along the Taiwan-Eastern Philippines trench with a documented 
M w greater than 8. Likewise, no great earthquakes in the New Hebrides or Middle 
America regions are known. 

The seismic hazard of the Oregon-Washington region is currently an active issue 
(e.g., HEATON and KANAMORI, 1984; and see HEATON and HARTZELL, this 
volume). There are no great, or even large, earthquakes in this region in the 
twentieth century. Assessment of the previous activity is hampered by a limited 
historical record and the long recurrence interval for a great earthquake. Although 
this zone may be capable of generating a great earthquake, for the present concerns 
of a global survey, Oregon-Washington zone is listed as aseismic. 

In summary, of the 14 distinct regions with excess sediments, 7 zones appear to 
generate great earthquakes, 2 appear to be borderline cases (Caribbean and New 
Zealand-Kermadec), and 5 do not generate great earthquakes. Thus, the subduction 
zones with great earthquakes do not form an overwhelming majority of the ETS 
subduction zones. 
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5.1. Effect of Plate Age and Convergence Rate 

To review our findings: most great earthquakes occur in zones with excess 
sediments, and about half of the subduction zones with excess sediments have great 
earthquakes. Clearly there is not a one-to-one correspondence between excess 
trench sediments and great earthquakes. The lack of a one-to-one correspondence 
implies that other factors influence earthquake size. At this point, it is instructive to 
place trench sediments within the framework of the established global correlation 
for maximum earthquake size. 

Those zones with ETS but no great earthquakes have another feature in 
common: they plot in the lower-left corner of Figure 1 (except for Oregon-Washing
ton and Middle America). This association implies that age and rate determine the 
potential for a great earthquake, hence a subduction zone that falls in the lower-left 
corner of Figure 1 may not generate a great earthquake regardless of excess trench 
sediments. The best-fit plane from the linear regression in RUFF and KANAMORI 

(1980) is used to calculate a predicted M w from the age and rate values for each 
subduction zone (Table 2). The observed maximum M w is plotted versus the 

Table 2 

Maximum earthquake size in subduction zones: Observed (Obs), Predicted (Pre), Residual (Obs - Pred), 
Zones with Excess Trench Sediments (X). 

Zone Mw (Obs) 

Southern Chile 9.5 
Central Chile 8.5 
Peru 8.2 
Ecuador-Colombia 8.8 
Central Am. (Mexico) 8.1 
Kamchatka 9.0 
Aleutians 8.8 
Alaska 9.2 
Kurile Islands 8.5 
Taiwan-Philippines 8.0 
Sumatra 8.7 
Northern Honshu 8.2 
Tonga 8.3 
Java 7.1 
Kermadec 8.1 
New Zealand 8.0 
New Hebrides 7.9 
Scotia 7.1 
Izu-Bonin Islands 7.2 
Caribbean 8.0 
Marianas 7.2 
Southern Honshu 8.3 
Middle America 7.5 
Oregon-Washington <7.0 

Mw (Pre) 

9.3 
9.0 
8.9 
8.8 
8.6 
8.5 
8.4 
8.4 
8.3 
8.2 
8.2 
8.1 
8.1 
7.8 
7.8 
7.6 
7.8 
7.7 
7.4 
7.3 
7.2 
8.3 
8.4 
8.3 

Residual 

0.2 
-0.5 
-0.7 

0.0 
-0.5 

0.5 
0.4 
0.8 
0.2 

-0.2 
0.5 
0.1 
0.2 

-0.7 
0.3 
0.4 
0.1 

-0.6 
-0.2 

0.7 
0.0 
0.0 

-0.9 
-1.3 

ETS 

x 

x 

x 

x 
X 
X 

X 
X 
X 

X 
X 

X 
X 
X 
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Observed maximum earthquake size versus the size predicted by the linear combination of convergence 
rate and lithosphere age (see Figure 1, and RUFF and KANAMORI, .1980). If age and rate exactly 
predicted the observed M w, then all subduction zones would plot on the diagonal line. The two groups 

of subduction zones are: excess trench sediments (ETS) and horst and graben structure (HGS). 

predicted value in Figure 7. KANAMORI (1983) shows a similar plot for the 
time/space normalized M w. The predicted values for the maximum and normalized 
Mware nearly identical (compare Figures 2 and Al in RUFF and KANAMORI, 
1980). The observed values in Figure 7 are the same as in RUFF and KANAMORI 
(1980) except for the revised values for the Aleutians, Sumatra, Caribbean, and 
New Zealand, and the addition of Southern Honshu, Middle America (south of 
Mexico), and Oregon-Washington. Figure 8 plots the observed Mw values from 
Figure 7 and shows the large range in maximum earthquake size for zones with 
sediments, as previously concluded. We now "correct" for the effect of age and rate 
by plotting the variation from the predicted values (Figure 9). A positive value 
corresponds to a maximum earthquake size larger than the predicted number. The 
two populations in Figure 9 appear to be distinct, though the standard errors about 
the means overlap. 

The Oregon-Washington and Middle America zones violate the trend that ETS 
zones with no great earthquakes plot in the lower-left corner of Figure 1. Are they 
true exceptions, or have great earthquakes occurred before the historical records 
began? This important question cannot be answered here, except that to say that 
this study supports the concerns of HEATON and KANAMORI (1984). 
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Histogram of the maximum earthquake size of subduction zones. Also plotted are the means and 
standard errors of the ETS and HGS groups. Of the 24 subduction zones, 15 are classified as ETS zones. 
The mean and standard error for the ETS zones are based on 13 zones, Oregon-Washington and Middle 

5 ~ 
II) 
Q) 
c 
0 
N 

:f:I:: 

0 

America are excluded (see text). 

ETS 

HGS 

-1 

ETS(n=13J 

t 
HGS(n=9J 

t 

o 
ReSidual, 6Mw 

Figure 9 

1 

Histogram of the residual M w of subduction zones. The residuals are the variation from the predicted 
trend in Figure 7. The means and standard errors of the residuals are plotted for the ETS and HGS 
zones. As in Figure 8, the Oregon-Washington and Middle America zones are excluded from the mean. 
The ETS and HGS means are better separated than in Figure 8; this suggests that trench sediments may 

explain part of the variation in earthquake size about the age-rate prediction. 

6. Discussion and Conclusions 

The global survey of great earthquakes and subduction zones shows that most 
great earthquakes occur in subduction zones with excess trench sediments (ETS), 
and about half of the zones with ETS are characterized by great earthquake 
occurrence. Also, the mean M w value is higher for the population of great 
earthquakes in zones with ETS. If we were only concerned with the global 
distribution of the 19 largest earthquakes, we might conclude that excess trench 
sediments explain great earthquake occurrence, with just a few exceptions. This 
conclusion is weakened by the observation that many zones with ETS have no great 



Vol. 129, 1989 Do Trench Sediments Affect Great Earthquake Occurrence? 279 

earthquakes. Hence, excess trench sediments do not always cause great earthquakes, 
neither are they the sole cause of great earthquakes. There must be other factors. 
The established correlation of maximum earthquake size with age and rate provides 
the complimentary factor: the zones with ETS but without great earthquakes have 
low M w values predicted from age and rate (except for two zones). The quantitative 
significance of age and rate can be assessed by comparing Figures 8 and 9. 
Application of the age-rate "correlation" better separates the two populations. 
Therefore, the overall conclusion is that the variation in maximum earthquake size 
depends on at least three variables: plate age, convergence rate, and excess trench 
sediments. The association between the largest earthquakes and excess trench 
sediments can then be attributed to the enhancement of M w in those ETS zones 
with high seismic potential. 

Recall the proposed chain of cause-and-effect mechanisms that connects trench 
sediments to earthquake size: excess trench sediments -+ subduction of a coherent 
sedimentary layer -+ smooth seismic strength distribution -+ large earthquake 
rupture area. Although this chain of mechanisms is presently untested, future 
studies can critically examine these speculations. 

RUFF and KANAMORI (1980) suggested that age and rate affect seismic coupling 
through preferred trajectory. Now that sediments and smooth strength distributions 
are invoked to cause great earthquakes, a new possibility is that age and rate 
influence the sediment subduction process. For example, suppression of the horst 
and graben structure may be an important component in achieving a smooth 
strength distribution; perhaps the horst and graben structure is more easily sup
pressed in rapidly subducting young lithosphere. 

Plate tectonics explains why there are underthrusting earthquakes in subduction 
zones, but it cannot explain the global variation in the size of these earthquakes. 
This fundamental problem is still unsolved. Indeed, given the sketchy nature of the 
physical mechanisms, I will not claim that the three factors of age, rate, and 
sediments control earthquake size. I will also admit that the statistical correlation 
between excess sediments and great earthquake occurrence is less than compelling. 
However, at the very least, the association between excess trench sediments and 
great earthquakes should dispel the commonly expressed notion that sediments 
cause aseismic subduction. It is my hope that the assumptions and speculations in 
this paper will be probed and tested. 
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